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Preface 
This thesis "developing silica based nanocomposite materials for dental applications 
using Bombyx mori silk proteins" is one part of a collaborative research project that 
has been funded by The National Institutes of Health (NIH grant code DEO17207), 
USA involving the following research groups. 
Professor David Kaplan group - Tufts University, Boston 
Construction, cloning, expression of chimeric (fusion) proteins and in vitro cell 
studies 
Professor Carole Perry group - Nottingham Trent University, 
Nottingham 
Silica chemistry and kinetic control of physical, morphological and mechanical 
properties of composite materials involving silica and silk based proteins 
including fusion proteins. 
Dr. Bruce Rutherford group - University of Washington, Washington 
• In vivo testing and clinical application of new dental materials 
Currently, the Kaplan and Perry groups are working together with remarkable 
progress so far (1,2). The remaining group (Rutherford) will contribute more in future 
work in the development of this material for dental applications. 
We (MSZ working under the supervision of Prof. Carole Perry) have contributed to 
this project by developing a system to understand the reaction kinetics of silica 
condensation in the presence of different silk proteins and explored the effects of 
different additives on the mineralising system. Nanocomposite materials were 
fabricated using electrospinning and gelation techniques followed by their detailed 
characterisation. The research findings for this part of the project (studies by MSZ) 
are presented in this thesis. 
In addition, Dr D J Belton (The Perry group at NTU) contributed to the project by 
studying solution properties of natural silk and silk-diatom inspired chimeric proteins. 
He also studied the effects of natural silk and chimeric proteins on the morphology 
and rate of silica condensation. 
Nanocomposite materials will be available to other collaborative groups for further 
work in the near future ensuring continued progress in the project towards the 
development of novel materials for dental applications. 
(1) Mieszawska AJ, Fourligas N, Georgakoudi I, Ouhib NM, Belton DJ, Perry CC, et al. Osteoinductive silk-silica composite 
biomaterials for bone regeneration. Biomaterials2010 12;31(34):8902-8910. 
(2) Mieszawska AJ, Nadkarni LD, Perry CC, Kaplan DL. Nanoscale Control of Silica Particle Formation via Silka"'Silica Fusion 
Proteins for Bone Regeneration. Chemistry of Materials 2010 10/26;22(20):5780-5785. 
Abstract 
A significant amount of research is being carried out on natural Bombyx mori (BM) 
silk which has gained remarkable popularity for biomedical applications in recent 
years. The main objective of this thesis is concerned with the development of a new 
silk based material with improved properties for dental tissue repair and dentin 
regeneration. 
In the first phase, research was carried out to study the chemistry and kinetics of 
silica formation and to assess the effects of silk proteins on the mechanical and 
functional properties of nanocomposite materials. A novel method was developed to 
separate different silk fractions (heavy chain fibroin and light chain fibroin) from 
natural silk using formic acid. Silk and its fractions were regenerated for use in 
gelation studies and fabricating nanocomposites by adding silica. The silica was 
added using, hydrolysed tetraethoxy silane (TEOS) to condense into gelling silk 
solutions or by adding pre-condensed silica nanoparticles (14-350 nm), prepared 
using a modified Stbber method. Silk solutions were characterised using viscometery, 
dynamic light scattering (DLS) and electrophoresis (SDS-PAGE). 
In the second phase, silk based nanocomposites were fabricated using 
electrospinning and gelation routes. The fabricated nanocomposite materials were 
characterised using scanning electron microscopy (SEM), elemental analysis (EDX), 
Fourier transform infra-red spectroscopy (FTIR), Thermogravimetric analysis (TGA) 
and compressibility testing. Both silk fractions (heavy chain fibroin and light chain 
fibroin) have entirely different structural, conformational and functional properties and 
can be regenerated using ionic solutions. Heavy chain silk due to its unique 
properties such as high hydrophobic amino acid domains (repeats of GAGAGS or 
GAGAGY) resulted in comparatively more p-sheet content, producing different 
solution as well as materials properties. Silk fractions were electrospun and the 
morphology of electrospun fibres was affected by the relative proportion of heavy and 
light chain silk in the solutions. Similar results were found for materials prepared by 
the gelation route. Addition of pre-condensed silica particles improved mechanical 
properties of composite materials compared to silica derived from TEOS. 
The development of novel methods of separating silk fractions will improve the 
availability of these fractions for future research and give a robust base for further 
studies in areas such as dental materials, biomaterials, biochemistry and 
biotechnology. Natural silk fractions and inorganic composites have a large potential 
for future applications in industry and research however a lot more research is 
required for their detailed characterisation and their interaction studies within the 
biological environment. 
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Chapter 1 
INTRODUCTION 
The use of synthetic materials in the body by medical and dental care practitioners 
has grown outstandingly in the last 30-40 years, though the concept of using such 
artificial materials is very old. For example, plaster of paris was pioneered as a 
bone-substitute material towards the end of the nineteenth century, and dental 
fillings, including amalgam, have been known for more than 150 years (1). The use 
of engineered structures fabricated from metals and polymers in orthopaedic 
surgery has a more recent history, beginning with Dr (later Sir) John Charnley's 
work on the replacement of arthritic hips in the early 1960s (2,3). The major aim of 
using dental biomaterials is to maintain and improve the quality of dental care to 
patients which can be achieved by preventing or treating disease or relieving pain, 
improving the aesthetics or functions such as speech and mastication. Many of 
these objectives need the use of materials to alter or replace the lost or diseased 
tooth portion (4). This chapter presents a brief description of natural biomaterials in 
relation to dentistry and how different biominerals are formed in nature and their 
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applications as well as significance of using nano-composite materials and silk 
containing fusion proteins. 
1.1- Role of materials science in dentistry 
Considering the dental applications of materials, all major types of materials; metals, 
ceramics, polymers and composites have been widely tried for a variety of 
applications (4). The concept of using materials in dentistry is very old and has gone 
through different evolutionary steps at present times. The earliest account of using 
gold by Greeks and Romans as a dental prosthesis has been recorded up to several 
centuries before Christianity and from the first century AD, the filling of decayed 
teeth with lead or lint was used to prevent its fracture before extraction (5). As 
dentistry developed with time, more and newer materials have been developed (6) . 
Some important milestones in the development of materials for dental applications 
(5), are listed below. 
• 1746: First book to describe mechanical dentistry by Claude Mouten 
• 1770: Jean Darcent introduced low fusing metal alloys 
• 1796: Use of dentures in dentistry 
• 1806: G Fonzi baked the first ever porcelain tooth and developed different 
shades using metallic oxides 
• 1826: O. Taveau disclosed about amalgam using silver and mercury 
• 1851: Discovered vulcanite rubber for denture bases, however it was 
replaced by acrylic resin in 1937 
More recently, the concept of adhesive materials was introduced in 1955, leading to 
the use of composite resins in dentistry (7). In 1972, Wilson and Kent (at the 
Laboratory of the Government Chemist, London) published their work about the 
invention of alumino-silicate glass ionomers that can bind chemically to tooth 
hydroxyapatite [HA] (8). Mostly materials being used at present in dentistry have 
been developed in 20th century (5). 
Despite a better understanding of the materials chemistry and recent improvements 
in the physical properties, no material has been found that is ideal for dental 
applications (9). There is a wide range of applications of materials in all fields of 
dentistry as are described in the following section. 
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1.2-Applications of materials in the dentistry 
There is a wide range of applications of materials in all disciplines of dentistry. Some 
of the major applications and materials used are described in the table 1.1. 
Table 1.1: Major applications and materials being used in dentistry 
Discipline 
Restorative 
Dentistry 
Endodontics 
Periodontics 
Orthodontics 
Oral surgery 
Prosthetic 
dentistry 
Preventive 
dentistry 
Dental 
implants 
Cosmetic 
dentistry 
Dental tissue 
engineering 
Applications 
•Tooth restoration 
•Inlay and onlays 
•Crowns 
•Pulp capping 
•Core build ups 
•Root filling 
•Root sealers 
•disinfectants 
•Guided tissue/bone 
regeneration 
•Bone grafts 
•Band and brackets 
•Wires 
•Luting agents 
•Splinting 
•Sutures 
•Impression material 
•Teeth 
•Denture base 
•Fluoride release 
•Fissure sealants 
•Endosseous 
•subperiosteal 
•Veneers 
•Bleaching agents 
•Dentin regeneration 
Materials used 
Amalgams, composite resins, glass silicates, 
dental cements, porcelain, metal alloys and 
gold (4,5,10,11) 
Calcium hydroxide, mineral trioxide aggregate 
(12), amalgams, composite resins, glass 
silicates (4,5,10,11), Zinc oxide eugenol 
(ZEO) (6) gutta percha, silver points, sodium 
hypochlorite (12) 
Polytetrafluoroethylene (PTFE), polylactic 
acid, collagen (12) 
Demineralised freeze dried bone, bioglass, 
calcium phosphate (12) 
Nickel titanium and cobalt chromium alloys, 
stainless steel, self-reinforcing composites 
(4,5) 
Steel and titanium (12) 
PTFE, silk, collagen, nylon (13) 
Alginate, agar, plaster, ZEO, poly sulphide, 
poly silicone (14), ceramic, methyl 
methacrylate(14) 
Glass ionomers(15), composite resins, 
compomers, giomers (16) 
Titanium alloys (Ti-6AI-4V), HA or glass 
ceramic coatings (4,13,14), 
Porcelain, (11) Carbamide peroxide, hydrogen 
peroxide (14) 
Bone morphogenetic proteins (17-19), 
demineralised dentin (20-22), dentin matrix 
protein 1 (23) 
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1.3- Oral environment 
It is important to consider the complex oral environment in order to understand the 
material and oral tissue interactions required for successful applications. The oral 
environment plays a vital role in certain functions such as keeping it moist with 
saliva which helps in the swallowing of food, taste and texture of food (24). Detailed 
description of these processes is beyond the scope of this thesis. The oral 
environment is different from other parts of the body in structural and functional 
aspects and may produce different kinds of biological response to biomaterials (4). 
For example, exposure to body fluids (in the mouth) can result in the degradation or 
corrosion of material inside the oral cavity, or alternatively, the oral environment may 
react with material to release cytotoxic or harmful components (25). 
In addition, other factors are involved in making the oral environment complex for 
synthetic materials; 
I. Materials undergo high chewing forces and wear (6) 
II. Degradation of materials, corrosion from by products and food in the mouth 
(6) 
III. Temperature variations in the mouth (from hot and cold food) resulting in 
shrinkage and contraction of materials (6,26) 
IV. A large number of micro-organisms that can produce acid and different other 
chemicals to affect biomaterials (27) 
V. pH fluctuations (27) 
VI. Certain pathological conditions like bruxism, bulimia (27) 
VII. Interaction with different food chemicals like nicotine, caffeine, alcohol, 
medicines that can also affect material longevity 
Anatomically, there are mainly two groups of tissue in the oral cavity, soft tissues 
and hard tissues (28,29). Soft tissues are muscle and fascia lined by a protective 
lining of mucosa and connective tissue, while hard tissues are teeth and bone 
(28,29). As this new material has intended application of replacing hard oral tissues 
(tooth), tooth structure is reviewed in the next section. 
1.4- Natural tooth materials 
Teeth are required for chewing and incising of food, proper speech and aesthetics 
(28). The tooth has to survive in a variety of different conditions, bear forces of 
-4-
Chapter 1 Introduction 
mastication (up to ~ 700 N), abrasion, chemical attacks from acidic food or bacterial 
products (25). Wear and tear is always there when teeth are used in the harsh oral 
environment however, when affected it is crucial to maintain the health and 
appearance of teeth using different dental biomaterials. 
Jaw Bone 
Enamel 
Dentin 
Pulp 
Cementum 
Gums 
Figure 1.1: Vertical cross section of a tooth showing structural components (11). 
Understanding of natural tooth and structural components is vital. Ignoring the 
properties and parameters of natural tooth material can result in disaster or failure of 
man-made materials. Natural tooth is composed of mainly hard tissues containing 
hydroxyapatite and an inner core of soft connective tissue in the form of pulp (30). 
There are three different types of hard tissues (enamel dentin and cementum) in the 
tooth with varying proportions of hydroxyapatite and organic matrix. The structural, 
physical and chemical properties of these natural materials are described below. 
1.4.1- Enamel 
Enamel is the hardest tissue covering the crown dentin of the tooth (5,11,31). The 
enamel forming cells (Ameloblasts) are epithelial cells and are lost during the 
eruption of a tooth, hence enamel is a non-vital tissue and cannot be regenerated or 
renewed by itself (11,30). Due to the crucial role of enamel tissue in protection of 
dentin and aesthetic, long life preservation of enamel is desired by the dentist (32). 
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Enamel is a highly mineralised tissue with 96 wt. % inorganic contents and 4 wt. % 
organic contents and water, where 75 % is water (5,29) and present in the inter-
crystalline spaces and micro-pore network (33,34). The inorganic component is 
composed of mainly calcium phosphate in the form of crystalline hydroxyapatite. 
Other ions such as carbonate, magnesium, strontium, lead and fluoride may also be 
incorporated depending on their availability during the period of enamel formation 
(30). 
The presence of high inorganic content makes enamel a very hard tissue to 
withstand the heavy forces of mastication. However enamel is always supported by 
dentin and becomes very brittle when unsupported (5,30). Otherwise it has excellent 
mechanical properties, as hard as steel with a Knoop hardness of 343 kg/mm2 
compared to 68 kg/mm2 for dentin (5). A full comparison of different mechanical 
features of enamel and dentin has been described in the table 1.2. Enamel has a 
translucent appearance and may reflect difference in colour depending on the 
underlying dentin and thickness of enamel which can be 0.5 mm - 2.5 mm 
(11,25,30). 
Structurally, the basic unit of enamel is an enamel rod which is a cylinder shaped 
structure separated by inter-rod material (30). Enamel rods having diameter of 4 to 5 
urn with a variable morphology and a population density of 30,000-40,000 rods/mm2 
and have crystals arranged parallel to the long axis (5),(11). If we go further in 
details of crystal morphology, the crystals in the enamel are closely packed 
hexagonal structure with a thickness of 25-39 nm and width of 45-90 nm (11,29,30), 
and are significantly larger than crystals in dentin (11). 
The organic matrix in enamel has at least two types of protein amelogenin and 
enamelin (5,11,28). Amelogenin has molecular weight of 20-30 kDa, is hydrophobic, 
with amino acids proline, glutamine and histidine forming 90 % of total enamel 
proteins (35). Amelogenin is considered very important in the organisation and 
crystal growth of enamel (28). Enamelin has a higher molecular weight of 48-70 kDa 
and having amino acids mainly serine, glutamic acid and aspartic acid. Enamlin is 
secreted in the first formed enamel tends to bind to the crystals and considered 
responsible for hyper-mineralised enamel adjacent to the dentin (28). The process 
of biomineralisation in enamel is described later in this chapter. 
1.4.2- Cementum 
Cementum is a bone like tissue that surrounds the root dentin of tooth and provides 
attachment to the fibres of the periodontal ligament (25,30,31). The thickness of the 
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cementum layer is 20-50 urn near the coronal dentin and increased up to 200 urn in 
the apical area of root (28,30). Cementum is a hard and avascular tissue that can 
be classified in mainly two types (cellular and acellular) depending on the presence 
or absence of cementum forming cells. Acellular cementum is responsible for the 
tooth attachment to the bone while cellular cementum responds to tooth movement 
and wear to adapt accordingly (30). 
The biochemical composition of cementum is very similar to bone containing 45-50 
% inorganic in the form of hydroxyapatite (28,30) and the rest is collagen and 
organic matrix. There is little information available about the Cementum proteins 
while collagen type I constitutes 90 % of total organic contents alongside type III and 
XII (30). Some of the other organic molecules found in the cementum are fibronectin, 
osteaocalcin, alkaline phosphatase, osteopontin, osteonectin, proteoglycans, 
proteolipids and several growth factors (30). The cells associated with the 
production and maintenance of cementum throughout the tooth life are 
cementoblasts, cementocytes and cementoclasts (28,30). As for other 
biomineralised tissues, the organic matrix plays a vital role in cementum formation 
as growth factors are involved in cell differentiation and cementogenesis; bone 
proteins enhance mineralisation and regulate the extent of crystal growth while 
collagen regulates the periodontal tissues (30). 
1.4.3- Dentin and pulp Complex (PDC) 
It is very important to understand the structure, chemistry and properties of natural 
dentin as any newly developed material will be in very close proximity with the 
dentin-pulp complex for the purpose of new dentin formation using dentin tissue 
engineering and regeneration techniques. Dentin is a unique dental tissue, and is 
considered a vital tissue even without the presence of a blood supply or innervations 
and has the ability to respond to stimuli like tactile, thermal or chemical changes (11). 
Dentin is a hard bonelike connective tissue that forms bulk of the tooth while pulp 
forms the inner core of soft connective tissue. As both tissues are correlated 
embryologically and functionally, they are usually considered together as the pulp-
dentin complex (28,30). Dentin is an elastic tissue, slightly harder than bone and 
softer than enamel providing support to overlying enamel as well as a protective 
covering to the soft and delicate pulp (5,28). Dentin is pale yellow in colour, has 70 
wt. % (45 v/v %) inorganic contents, 20 wt. % organic (33 % v/v) and 10 wt. % water 
(22 v/v) (5,11,28,30,36). 
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The inorganic part of dentin is composed of mainly hydroxyapatite [HA] (5,28,30) 
however the dentin HA crystals have dimensions of 20 nm x 20 nm x 3.5 nm, are 
significantly smaller than enamel HA crystals proving higher surface to volume ratio 
(11). Dentin HA is also higher in F~~ and Mg2+ ions (37). The organic phase of dentin 
is mainly collagen from 85 % of total organic content (5) up to 92 % (29) mainly type 
I (5,28,29) with lesser amounts of type V (5). The non collageneous organic matrix 
consists of dentin specific proteins like phosphophoryns, dentin sailoprotein, and 
dentin matrix protein-1 (5) and other proteins like osteocalcin, and osteopontin 
(5,28,30,35). Phospholipids are detected in the dentin matrix however their function 
is not yet known (36). 
Structurally, dentin is composed of a basic unit "dentinal tubule" that runs throughout 
the structure of dentin (5,11,25,28-30,34,38). Dentinal tubules get thinner towards 
enamel, 0.5 urn near the dentino-enamel junction and up to 2.5 urn (5), 3.0 urn (11) 
near pulp. The population density of tubules is also variable being as much as 
20,000 tubules/mm2 near the dentino-enamel junction and more than double this 
near the pulp area (5,39), up to 76,000 tubules/mm2 (30). Furthermore, tubules 
show extensive terminal branching producing many canaliculi near the dentino-
enamel junction that are connected to each other making a highly interconnected 
network system (28,40). 
Figure 1.2: Histological picture of the pulp dentin complex (30) 
Dentinal tubules are occupied by odontoblastic cellular processes which are 
extensions from the odontoblastic cells lying in the dentinal lining of the pulp tissue 
(5,11,25,28-30,38), and supersaturated dentinal fluid (serum like fluid) that drives 
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the deposition of HA inside the tubules making them narrow with time and sclerosis 
of dentin is found in old age (5,25). 
Table 1.2: A comparison of the properties of enamel and dentin 
Properties 
Basic Unit 
Population 
Vitality 
Inorganic (wt. %) 
Organic (wt. %) 
Collagen 
HA Crystal size 
Thermal expansion 
Compressive Strength 
Tensile Strength 
Shear Strength 
Elastic modulus 
Nano-indentation 
Knoop Hardness 
Dielectric constant 
Enamel 
Rod 
30-40 K/mm2 
Non vital 
96% 
3% 
none 
45-90x25-39 nm 
Length= 1-2 mm 
11.4 M/K 
384 MPa 
10.3 MPa 
90 MPa 
84.1 GPa 
4.48 GPa 
343 Kg/mm2 
~ 
Dentin 
tubule 
50-90 K/mm2 
Vital 
67% 
20% 
90 % of organic, 
mainly type I 
20x20x3.5 nm 
8.3 M/K 
297 MPa 
98.7 MPa 
138 MPa 
18.3 GPa 
0.70 GPa 
68 Kg/mm2 
8.6 
References 
(5,29,38) 
(11) 
(11,28-30,38) 
(11,29,29,30,38) 
(5,11,28,30,36) 
(28-30) 
(11) 
(10) 
(5) 
(5) 
(5) 
(5) 
(5) 
(5) 
(5) 
1.5- The odontoblast (OB) 
The new dental nano-composite material will target odontoblast cells to grow on it 
and start producing the dentin. It is well known that odontoblasts have the ability to 
form reparative (reactionary) dentin in response to an insult to the dentin-pulp 
complex (11,28-30,34,38,41) or in response to therapeutic application of pulp 
capping materials (4,11,41). The process of dentin formation is called dentinogensis 
(11,28-30,34,38,42), and Odontoblasts (dentinoblast) are much specialised, highly 
differentiated cells of neural crest origin, responsible for the production of any type 
of dentin and maintenance throughout the life of a tooth (5,11,28-31,34,36,38,43,44). 
Odontoblasts are large size plump cells, having a nucleus at the base (towards pulp) 
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in basophilic cytoplasm and rich in cellular organelles required for production of 
organic and inorganic matrix (28,30,36). Different morphological types of 
odontoblast cells have been described depending the activity states (36,45) for 
example pre-odontoblast, secretary odontoblast and resting odontoblast cells 
(28,30), furthermore they can differ in shapes depending on the availability of space 
in pulp canals and chamber e.g. columnar (35 urn x 3-5 urn) in crown, cuboid in mid-
portion and turns to flatter and smaller in root dentin (28,30,36). 
Dent inoBnamel 
junct ion 
Per i tubular 
dent in 
Per iodonto&last ic 
space 
I ntertu bu la r 
dent in 
Odon tob las t i c 
p rocess 
Canal icu lus 
P reden t i n -
Odon tob las t 
G a p 
junct ion 
Nerve 
Figure 1.3: Schematic cross sectional presentation of the odontoblast processes 
progressing through the dentinal tubules and surrounding structures (11). 
Another important feature of the odontoblast cells is a cellular extension called 
odontoblastic process, (5,11,28-30,36,46), that start developing at the neck of cells 
alongside the formation of dentin and keep occupying the dentinal tubule in mature 
dentin. These processes (one from each OB) contain secretary organelles and are 
connected to each other by a cytoskeleton network (11,28,30). However, there is 
great controversy about the length of these processes either that occupy the full 
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length of a dentinal tubule or not (5,30,47). There is a lining of the membrane called 
lamina lamitans that lies between the tubule dentin and cell processes. Tubules also 
contain collagen, proteoglycans, albumin, tranferrin and sometimes nerves (28,30). 
Any change in osmotic or hydrostatic pressure or fluid movement in dentinal tubules 
as a result of any insult is detected by OB or nerve endings (5,11,28,30). A 
moderate level of damage resulting in the injury or death of OB or even destruction 
of dentin extra cellular matrix initiate the proliferation of secondary OB that form 
reparative dentin (5). Little is known about the source of newly formed OB, however 
it is related to high proliferative activity in the perivascular area of pulp (5). 
Pulp is a soft tissue forming the central core of tooth (28-30,34,38,42) containing 75 
% water and 25 % organic (34). In addition to OB cells (described above), it contains 
different types of cells (fibroblasts, undifferentiated mesenchymal cells, 
macrophages and other defence cells), collagen fibres, nerves and blood vessels 
(25,28-30,34,38). There are large numbers of fibroblasts in the pulp and they have 
the ability to produce pulp matrix as well as ingest. Undifferentiated mesenchymal 
cells present in the pulp can differentiate into OB and fibroblasts depending on the 
nature of stimuli (28,30). The number of cells in the aging pulp is reduced resulting 
in a more fibrotic pulp, and it is very crucial to note that decrease in cells will also 
reduce the dentin regeneration potential (28,30). 
The matrix of pulp contains collagen fibres type I and III in a ratio of 55:45 and this 
ratio is not observed to change with age, however, the ratio of collagen in total to 
number of cells increases with age (28,30). Ground substance is very similar to 
other connective tissues and primarily consists of glycoproteins, 
glycosaminoglycans and water. Pulp is well vascularised and well innervated 
containing A(3, A5 and C fibres from the fifth cranial nerve for pain transmission and 
sympathetic nerve fibres entering with blood vessels (28,30). It is quite evident from 
the above discussion that pulp performs certain functions (48); providing the 
encasement for odontoblast cells for the formation of primary, secondary dentin and 
tertiary dentin, nourishing dentin from the pulp vessels and maintaining the cells and 
organic matrix. It also innervates the tooth for pain transmission and plays an 
important role in the protection of tooth vitality by responding to different stimuli. By 
using this new composite material and tissue engineering techniques, it could be 
possible to keep pulp alive so that it can maintain these vital functions throughout 
the life of the tooth. 
Considering the replacement of lost or damaged dentin with this new composite 
material, it will be beneficial to estimate the quantity of lost tissue and the time 
required to reproduce the same amount of natural dentin. Many factors can be 
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involved in calculating the rate of dentin formation. It takes about five days to 
differentiate new OB after injury of the dentin-pulp complex (5). Rate of primary 
dentin formation is approximately 4 um/day (36) but slows down later. For reparative 
dentin rate of dentin formation may be 1-3.5 um/day (28,30). The rate of formation 
may be affected by extent of damage, inflammation of pulp, infection, and presence 
of diseased dentin or any systemic conditions (5,11). In a previous study (49), 70 
urn of reparative dentin was observed to form over a period of fifty days. The rough 
calculation of time scale would be helpful to estimate how long new nano-composite 
materials should stay as a tissue engineering scaffold in situ to be replaced by 
natural dentin. 
1.6- Inorganic minerals of enamel and dentin 
From the discussion above, it is understandable that all calcified tooth materials 
have a significant amount of inorganic mineral (more than bone) so it is crucial to 
understand the chemistry of these biominerals. Most biominerals in the human body 
are based on calcium phosphate compounds (11,25,28-30), however they can exist 
in a range of phases like dibasic calcium phosphate anhydrous (CaHP04) or 
dihydrate (CaHP04.2H20), tri calcium phosphate a or (3 [(Ca3(P04)2], amorphous 
calcium phosphate [(Ca3(P04)2.xH20], hydroxyapatite (HA) [(Ca5(P04)3.(OH)], and 
fluorapatite [(Ca5(P04)3.F] (50,51). In terms of teeth and bone structure, HA is the 
most abundant among all compounds (25). The basic structure of HA has been 
known for more than 80 years (52) however, it was studied for X-ray and neutron 
diffraction more recently (53). 
•• 45-90 m ! „ 
nm 
' 35 nm 
Dentin 
Enamel 
Figure 1.4: Schematic comparison of enamel and dentin HA crystal size showing 
enamel HA crystals significant size (11). 
Length = 
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thickness 
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A crystals exist in an hexagonal shape (25) however their size and morphology 
varies depending on the tissue and location (11,28,30). Pure HA is very uncommon 
in the biological system and certain other ions like carbonate, sodium, silicates, and 
metal cations may be incorporated by replacing calcium, hydroxyl or phosphate ions 
(25). Such ionic exchange during HA formation may affect the physical and bulk 
properties of the material (25). For example, in fluorapatite (Ca5 (P04)3.F, fluoride 
ions replace hydroxyl ions of enamel HA crystals (25) and make it more crystalline 
and less soluble in acid (54-56). Furthermore, the presence of fluoride in teeth tissue 
has a proven role in re-mineralisation and prevention of tooth decay (27). Topical 
application of fluoride also results in substitution of it with hydroxyl ions in enamel 
minerals making it more resistant to acid attack hence dissolution (28). 
There is a significant difference in the size and orientation of HA crystals in enamel 
and dentin (11) as is shown schematically in Figure 1.4. In enamel, crystals are 
oriented in at least two directions and may be 1-2 mm long (no collagen at all), while 
in dentin HA crystals are small and uniform around collagen fibres (30). 
1.7- How biominerals are made in nature and biomimetic approaches 
Natural biological materials show many levels of hierarchical structures from the 
macroscopic to the microscopic length scale with the smallest building blocks being 
designed with nano-meter sized hard insertions implanted into a soft protein matrix 
(57). Teeth like other natural biomaterials are primarily an inorganic/organic 
composite material with desirable strength and damage-resistant properties (58). 
Like other biominerals (bone, exoskeleton, shells), the organic matrix of tooth is 
formed first followed by the introduction of minerals thereby reinforcing the physical 
properties up to the required level (57). Biomimetics is the science of understanding, 
how nature has designed and processed and assembled these high performance 
materials and then applying those principals to make synthetic materials (57). In the 
natural world nanoscale fabrication can be achieved without use of high temperature 
or extremes of pH or pressure (59). For example, in the laboratory, conversion of 
enamel HA to fluorapatite is a very slow reaction and requires the presence of CaF2 
at harsh conditions of 900 "C (56), in contrast in nature, this reaction takes place by 
a simple dissolution-precipitation method (50). 
The biomineralisation of enamel takes place in two distinct stages and differs from 
dentin and other tissues. In the first stage (secretory stage), the ameloblasts 
(enamel forming cells) produce partially mineralised (30 %) matrix. In the second 
stage (maturation stage), organic matrix and water is taken out by ameloblasts 
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adding more minerals up to 96 %. During the maturation stage, the pre-existing HA 
crystals also grow in all dimensions (30). 
In biomineralisation of dentin, organic matrix (mainly collagen as described earlier) 
is secreted in incremental stages by odontoblast cells. This non-mineralised dentin 
matrix is called pre-dentin, and is subsequently mineralised. Odontoblasts move 
towards the pulp leaving a layer of pre-dentin (15-20 urn) between cell bodies and 
mineralised dentin (30,36). Mineralisation starts with the appearance of vesicles, 
believed to have single crystal under the influence of phospholipids present in the 
vesicle membrane. These vesicles are ruptured by rapid crystal growth in them 
spreading clusters of crystals that fuse with each other forming a continuous 
mineralised matrix (30). 
1.8- How dentin differs from bone? Regenerative potential of dentin 
This section explores unique physical land biological properties of dentin and their 
effects on dentin regeneration. As it has already been described dentin shares 
many similarities with bone; however it is a distinct tissue and differs from bone in 
many aspects. 
Chemically, dentin has more mineral (67% -70%) than bone (50 %) and is slightly 
harder than bone (28,30). There are special cells called osteocytes enclosed in 
bone that are connected through canaliculi to form a network for bone maintenance, 
whereas there are no cells present in dentin (cell body remains in pulp), only cellular 
processes extend through to certain depths of dentin (25,28-30). The combination of 
bone cells (osteoblasts, osteooclast and osteocytes) carry on remodelling the bone 
throughout life, while no such remodelling is observed in dentin under physiological 
conditions (25,28-30,36). 
It is obvious from these facts that dentin is acellular and less vascular than bone that 
can make regeneration of dentin quite difficult. In spite of all these factors, dentin 
regeneration has been observed successfully in previous studies (17-23,41,60-63). 
The new material will support the damaged dentin tissue to use the master plan of 
inducing dentin regeneration in vivo. 
1.9- Why there is need of a new material for dental applications? 
The main aim for making this material is to use biomimetic techniques to form 
natural dentin tissue and maintain the pulp vitality, because no material can be 
better than natural tissues. Furthermore it is obvious from the discussion above that 
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dental pulp plays an important role for teeth and keeping the pulp vital as long as 
possible is desired by dental professionals. Loss of pulp tissue (tooth vitality) results 
in change in the physical properties of dentin, and it may behave differently 
compared to a vital tooth (11). There is a decrease in the water content (up to 9 %) 
of dentin (64,65) the adhesive ability of tooth and tooth colour may change due to 
the presence of blood break down products that may not be acceptable aesthetically 
(11). If the tooth is treated for endodontics (treatment for non-vital teeth); the use of 
chemicals in the preparation method make teeth very weak mechanically and prone 
to fracture (66,67). Hence, maintaining the pulp vitality will enhance the life of a 
physiological tooth in situ. There are a few more solid arguments described below to 
emphasise the fact that development of this new material can benefit dentistry and 
humanity. 
I. The need to maintain tooth vitality 
Described above 
II. No available material is ideal 
Despite better understanding of the materials chemistry and recent 
improvements in the physical properties, no material has been found that is 
ideal for any dental application (4). For example, there has been a major 
concern about mercury toxicity from the amalgam restorations for many years 
(68-72). Another major issue is the colour of amalgam for aesthetic 
considerations and alternative materials are being sought to replace this (73-
75). The composite restorative materials have promising aesthetics but they 
are not as good mechanically as amalgams and also are very technique 
sensitive (76). Nature has arranged complex biominerals in the best way from 
the micro to the nano scale and no one can yet combine biological and 
physical properties to get ideal structures. In addition, no synthetic material 
can be intelligent enough to respond to external stimuli and react like nature 
made tissues (57). The best possible option is to replace lost dentin tissue with 
regenerated dentin that can have a very close resemblance to the natural 
dentin and can respond to stimuli accordingly. 
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III. Large global market 
There is a huge demand and global market for modern dental materials, the 
dental composite resins developed more recently and gained a huge market of 
€550 million a year in 2005 all over the world (76). According to estimates (13), 
there is a rapid increase in the use of dental implants; more than 300,000 
implanted every year with some patient having more than twelve. There was a 
market of US$ 910,000 for dental implant in 2000 in the United States alone 
(13). 
There are many other factors that can increase the demand of all biomaterials 
generally, like more awareness of patients about the biomaterials, better life 
style, increasing population and life expectancy (average age). For instance, 
the average life span has increased up to 30 year in USA during the 20th 
century (77), and is expected to rise up to hundred years by 2050 (78). 
Furthermore, number of centenarians (100 years old) is increasing every year, 
with an 8.5 % rise per year being observed in Australia (79). Similarly, there 
were only 2835 centenarians in Mexico in 1930. This had gone up to 19,000 in 
2000 and is expected to increase up to more than 137,000 in 2050 (78). So on 
the basis of these facts; it can be assumed that there will be very high demand 
of all biomaterial including dental material to maintain the quality of life in older 
populations. 
1.10- Desired properties for the new material for dentin regeneration 
Dentists, materials scientists and toxicologists have described certain required 
properties for a dental material to be declared 'perfect' for dental applications. 
Similar to other biomaterial applications, it is desired to be non-toxic, non-irritant and 
non-corrosive (4). For dental applications, the material should provide a good seal 
with the natural tooth to prevent any ingress of fluid or secondary decay and should 
be easy to use (25), conserve tooth structures, with wear resistance equal to tooth 
enamel, having radiopacity greater than enamel and have long term stability (11). 
From a tissue engineering point of view, it needs to form a three dimensional 
structure for cell differentiation and proliferation, can deliver cells, growth factors and 
be capable of initiating repair and regeneration of lost or diseased dental tissues 
(12), and be biodegradable over time (80). For this purpose, it must also be a 
bioactive material having physical properties comparable to dentin as described 
earlier. 
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Interestingly, at the present time none of the available materials is perfect for dental 
applications and this has resulted in the continuation of dental materials research all 
over the world which is now focusing on nanoparticle containing nanocomposites 
(4,81,82). Most natural tissues (hard as well as soft) are composite materials made 
with variable combinations of organic and inorganic components (57), hence, it 
make sense to consider developing an organic-inorganic composite material at the 
nano scale. For this purpose, a natural biopolymer (natural silk) and silk containing 
chimeric proteins have been used with silica as inorganic component. Some of the 
key properties required for developing materials for dental regeneration are 
described here 
1.10.1- Biocompatibility 
Biocompatibility can be defined as the ability of a material to perform with an 
appropriate host response in a specific application (83). Biocompatibility assessment 
of biomaterials is a complex process and may comprise in vitro and in vivo testing. 
The biocompatibility of any material is not an absolute property and a material 
biocompatibility can be changed depending on application. Hence, no materials can 
be declared biocompatible without the mention of the location and practical 
application of the material (84). For example, for tissue engineering applications, 
scaffold material which perform in in vitro and in vivo pathophysiological processes 
are controlled by careful selection of cells and biomechanical conditions to 
regenerate new tissues (13). 
A variety of methods can be used for testing a material's biological interaction 
depending on the duration of the application. Different national and international 
organisations suggest guidelines about what methods are appropriate for any 
particular application (13). For the development of new materials, the American 
Dental Association (ADA) and the International Standards Organisation (ISO) have 
developed guidelines (13). These tests help to evaluate and understand the 
biological response of any material, however, no material can be declared 
biocompatible with 100 % certainty (84). These guidelines can be used to prepare 
submissions for approval of a new material or device to regulatory agencies such as 
the U.S Food and Drug Administration (FDA). 
For short-term in vivo testing for example, ASTM Standard F1983 - 99(2008) can be 
used for assessment of compatibility of absorbable/resorbable biomaterials for 
implant applications. Application of standard methods for material's testing facilitates 
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the reproducibility of results and verification by other researchers (13). Prior to 
clinical evaluation, ISO standard 10993 is followed for biocompatibility screening. 
For biocompatibility evaluation of dental materials, There are three major types of 
testing methods used (85). 
I. In vitro tests 
II. Animal tests 
III. Usage tests 
I. In vitro tests 
These are laboratory based tests performed using test tubes and cell culture 
facilities (84). A typical example is the Ames test (86,87), where a 
biomaterial or its products are exposed to a strain of bacteria or fibroblasts to 
assess biological interactions. The assessment of these experiments is 
performed using criteria such as cellular count, growth and functional 
abilities. The main advantages of in vitro testing are that there is no 
involvement of animals avoiding any ethical and legal issues. Additionally, 
these experiments are simple, inexpensive, fast to perform and can be 
repeated in a controllable manner (84). The disadvantages of in vitro tests is 
they do not represent a true picture of biological interactions and results may 
be misleading (84). 
II. Animal tests 
The material under investigation is embedded into an experimental animal to 
study the complex biological interactions in the dynamic environment. 
Commonly used animals are rat, dog, cat, sheep or monkey. Animal tests 
provide a lot more information on the material's behaviour compared to in 
vitro tests. Animal testing is expensive, time consuming, has difficult to 
control variables and may also involve ethical or legal concerns (84). 
III. Usage tests 
Usage tests are clinical trials performed on a volunteer human in its final 
intended application. These experiments give most relevant biocompatibility 
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data for the particular application. Clinical trials may be time consuming, 
difficult to control due to individual variations and further complicated by the 
involvement of ethical and legal issues (84). 
For the development of new dental materials, it is crucial to test the biocompatibility 
of a new material so that benefits and risk assessments of any new material can be 
documented prior to practical applications. 
1.10.2- Biodegradation 
Biodegradation is a cascade of complex processes involving the breakdown of 
biomaterials into smaller compounds (88). Biodegradation is one of the vital 
properties required for certain applications of biomaterials (88). Some important 
properties of biodegradable biomaterials are mentioned here (89), 
• The material should not induce any inflammatory or toxic response upon 
implantation in body. 
• The material should have an adequate shelf life. 
• The degradation products should be non-toxic, metabolised and cleared from 
the body. 
• The degradation rate should match the rate of healing and regeneration of 
tissue. 
• The materials should have acceptable mechanical properties for the 
intended application and any changes in the mechanical properties should 
be well-matched with healing and regeneration of tissues. 
• The materials should have suitable permeability and processability for the 
intended application. 
Both synthetic (poly lactic acid, poly glycolic acid) and natural polymers (starch, 
alginate, fibrin, chitin,(90) alginate and silk) have been widely used as biodegradable 
materials (90-93). Depending on the mechanism, degradable biomaterials may be 
subdivided into hydrolytically and enzymatically degradable materials (94). Most 
natural polymers including silk fibroin fall into the category of enzymatically 
degradable materials. Upon in vivo implantation, the rate of degradation is 
determined by multiple factors such as concentration or/and availability of enzymes 
and chemical modifications of polymers (94). 
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1.10.2.1- Biodegradation of silk biomaterials 
To develop silk based biomaterials, it is vital to understand the degradation 
behaviours of silk fibroin. In previous studies, In vivo implanted silk fibroin (FDA 
approved biomaterial) for 60 days, retained more than 50 % of its tensile strength 
(95) hence was declared non-degradable by United States Pharmacopeia. However, 
silk is degradable over longer periods of time (up to 1 year) and absorbed slowly 
(88,96). Silk is susceptible to biodegradation by certain proteolytic enzymes such as 
chymotrypsin, actinase and carboxylase (94). Generally, enzymatic degradation of 
silk takes place in two stages, firstly, adsorption of the enzymes on the surface using 
surface binding domains followed by hydrolysis in the second stage (94). Silk 
degradation products are absorbed easily in vivo (88) and this is another significant 
benefit of using silk biomaterials. Additionally, the degradation rate of silk fibroin can 
be controlled by altering the enzyme concentration/availability (94), crystallinity (97), 
pore size, porosity and molecular weight distribution (88). This slow degradation rate 
of silk fibroin may be very beneficial to support cells and regenerating tissues for 
prolonged times to cope with the slow rate of dentin regeneration for the proposed 
application of new material. 
1.10.3-Bioactivity 
Bioactivity is a property of biomaterials to induce the biological interaction of living 
tissues by surface mineralisation of calcium and phosphate with specific 
compositions and structures (98). This process is facilitated by the formation of a 
thin layer of calcium phosphate at the interface between the host and host hard 
tissues (98). Bioactive ceramic materials are already in clinical use for orthopaedic 
and dental application however bioactivity may be required for tissue engineering 
applications. Some examples of bioactive materials are bioglass, hydroxyapatite and 
calcium phosphate (99). 
The surface of bioactive ceramic materials undergoes kinetic modification upon 
implantation by forming a layer of hydroxy carbonate apatite providing bonding 
interfaces with tissues (91). A similar apatite layer can be imitated on the surface of 
bioactive ceramics in a protein and cell free simulated body fluid (SBF) that has ion 
concentrations similar to that of blood plasma (91). This approach is commonly used 
for the in vitro evaluation of the bioactivity of biomaterials (100). Bioactivity is an 
important property required for tissue engineering scaffolds as formation of such 
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biological interfaces prevents scaffold loosening, supports enzyme activity (101,102), 
vascularisation (103,104), cell adhesion, growth and differentiation (105,106). 
1.11- Natural silk as a biomaterial 
Silks are protein polymers that are spun into fibres by silkworms and spiders at 
ambient conditions (13). Considering the natural sources of silk, there are many silk 
producing animal organisms but most of natural silk is usually obtained from silk 
worms (107). Silk proteins are usually produced within specialized glands cells, 
followed by secretion into the lumen of these glands where the proteins are stored 
prior to being spun into fibres (96). Silk was discovered in China around 2700 B.C. 
Silk is cultivated in Asia and Europe, although the main sources remain Japan, 
China, and India (108). Silk is known to have excellent properties required for 
biomaterial applications, for example, biocompatibility for a range of applications, 
non-toxic, non-irritant (109-111) and has excellent mechanical properties (112). Silk 
has an ability to perform under a wide range of conditions of humidity and 
temperature (113). Additionally, silk can be manipulated to form a variety of 
materials to tailor the final properties depending on the application, e.g., films, fibres, 
hydrogels, foams and coatings on other materials (114,115). Silk has a very long 
history in biomaterial applications as it has been used as a surgical suture material 
successfully for decades (116). More recently, silk has also been introduced into 
other biomaterials applications such as tissue engineering scaffolds (117-121) and 
drug delivery (122,123). 
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Figure 1.5: Number of scientific publications on silk (Data taken from ISI web of 
knowledge using keyword "silk"). 
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Due to the unique properties of silk, there is an increasing interest in silk for 
biological applications (124) as well as in the scientific publications in the recent 
years (Figure 1.5). In terms of tissue engineering scaffolds, regenerated Bombyx 
mori (B.mori) silk is compatible with human mesenchymal stem cells in vitro, and is 
comparable to collagen scaffolds. In vivo, the tissue inflammatory reaction is similar 
to or less than found for collagen (125,126). Silk proteins degrade slowly in the 
biological environment (127) and which could be an advantage for dentin tissue 
regeneration. 
It is evident from the above discussion that silk can be suggested as a successful 
material for a variety of biological applications due to its unique properties. Better 
understanding of silk structure at all levels is likely to expand its application in 
biomaterials. 
1.12- Silica and biosilica 
Silica also known as silicon dioxide is the most abundant mineral in the earth's crust 
(128,129). Silica can be found in nature in different forms like sand, clay, quartz and 
minerals and has been used for a wide range of applications (129). Chemically, 
silica is an oxide of silicon (129). Silicon (Si14) is a non-metal and second most 
abundant element in the earth's crust (129-131). It has great affinity with oxygen, 
forming silica and silicates and is rarely found in pure form (129,131), Silicon is 
present as one of the abundant trace elements in the human body (1-2 g), and is 
required for proper growth and maintenance of bones and connective tissues (131), 
although its function in the human body at a molecular level is unclear. 
Biosilica is produced on a large scale by different unicellular organisms however, In 
the biological world, the organic matrix plays an important role in the construction 
and control of morphology of inorganic silica (132,133). For example, proteins 
(Silaffins) play a crucial role in the formation of complex silica structures in marine 
organisms such as diatoms (132,133). A short polypeptide called R5 (19 amino 
acids) is a vital component of silaffin protein (Sil.1) of diatom Cylindrotheca 
fusiformis for controlling the formation and morphology of silica. In addition, R5 
peptide has the ability to control the morphology of silica formation in vitro when 
added to silicic acid at neutral pH and ambient temperature (134). It has been 
demonstrated previously that the RRIL motif at the C-terminus of the R5 peptide 
encourages in vitro silica precipitation, absence of the RRIL motif resulted in no or 
minimal silica formation (135). More recently, R5 has been used to functionalise silk 
proteins to fabricate silk and silica nanocomposite materials using biomimetic 
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techniques (136). Similarly, R5 can be modified in different ways to produce silica 
containing materials using ambient conditions and biomimetic techniques. 
For the application point of view, silica has already been used widely for a range of 
biomedical and dental applications, and is well known for fabricating composite 
materials (137), mainly for bone and joint replacement devices e.g., bioglass 
containing biomaterials (137)(138). Furthermore, silica has been widely used 
component of many existing dental materials for a range of applications. For 
example as a filler particle in dental restorative composites in the form of micro to 
nano size particle (4,5,81,139,140), as silicates in silicate and glass ionomers 
cements (4,5,8,15), giomers (16), dental porcelains (4,5), as hydrated silica in 
whitening toothpastes (141-143), tooth polishing (144) and bioactive coating of 
dental implants (5). 
1.12.1-Why use silica as the inorganic component? 
Silica has been selected for the fabrication of this novel material considering a 
number of factors. For instance, like other ceramic materials, silica is bioinert, 
biocompatible and has good compressive strength (145) needed for the intended 
application. Silica containing materials (bioglass) has proven bioactivity (99,138,145) 
that is desired for the new material and can help in dentin regeneration. Aqueous Si 
in the form of orthosilicic acid helps in the precipitation of calcium phosphate and 
directs the mineralisation process to stimulate tissue regeneration (146,147) . 
Formation of biologically active HA like layers has been observed to form 
spontaneously on silica materials previously (99). Alongside these positive aspects 
of silica there are also a few drawbacks for in spite of good hardness and stiffness, 
silica materials are brittle and have high density (137,145). In the next section, how 
these problems can be overcome by making composite materials is described. 
1.13-Why making composite materials? 
Composite materials are made by combining two or more materials on a 
macroscopic level to have better control of mechanical and physical properties than 
for the individual materials (148,149). It can be suggested that properties of 
composite materials can be tailored at the fabrication stage accordingly for a range 
of biomedical applications. For example, almost all tissues in the human body are 
composites however they vary one to the other in composition and properties 
depending on their role in the body (137). For dental applications, polymer 
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composites can provide some additional benefits to obtain desired properties in the 
materials. For example, to improve mechanical properties (tuneable density, 
stiffness and hardness), an absence of corrosion, galvanism (like in metal and 
alloys), and adjustable radiopacity. Furthermore, because of their non-magnetic 
property, polymer composite materials are very unlikely to interfere with 
conventional diagnostic tools (radiography) as well as modern techniques like 
computed tomography and magnetic resonance imaging (137). Briefly, a wide range 
of properties like stiffness, biodegradability and bioactivity can be obtained by 
varying combinations of materials. Even better composite biomaterials for certain 
applications can be fabricated using nano technology as described in the following 
section. 
1.14- Conventionally used dental composite materials 
Composite materials (resin composites) are widely used in dentistry (11,76,150). 
Conventionally used dental composites are highly cross-linked polymeric materials 
reinforced by inorganic filler particles (glass or crystalline) and/or fibres bound by 
coupling agents, typically having three structural components (4), 
I. Polymer matrix 
Such as tri-ethylene glycol dimethacrylate and urethane dimethacrylate 
II. Inorganic fillers 
Ground or milled quartz or glass particles in the size range of 0.1 to 100 urn 
(microfillers), resulting in improvement of hardness, strength, wettability, 
radiopacity and reduce water sorption and staining. 
III. Coupling agents 
To promote adhesion between fillers and matrix promoting transfer of 
stresses from flexible polymer to more rigid and stiffer particles. Appropriate 
coupling using organosilanes is particularly essential for the clinical 
performance of dental composite restorative materials. 
There are a few other components added to dental composites such as pigments to 
adjust colour and hue to improve aesthetic, initiator/accelerator chemicals to induce 
light activation, ultraviolet absorbers and inhibitors to improve the shelf life (4). 
There are a number of short comings of micro-filled dental composites such as (4,5), 
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• Volumetric shrinkage upon polymerisation, and developing areas of internal 
stress concentration compromising the strength due to the fact that the 
inorganic particles do not shrink. 
• Cannot be used in high stress bearing areas 
• Marginal leakage 
• Low wear resistance 
• Susceptible to staining 
• Light can penetrate up to 2-2.5 mm so needs manipulation in increments 
• Technique sensitive; need isolation, acid etching and materials 
polymerisation in place 
Dynamic research (151-155) is in progress in the community to improve the 
performance of dental composites. Tissue engineering techniques can provide 
better options for the replacement of lost dental tissues. 
1.15- Nanotechnology and benefits of using nano-composites 
The science of nanotechnology has become the most popular area of research 
currently covering a broad range of applications (59,156-158). Nanotechnology is 
defined as purposeful engineering on a scale of less than 100 nm to achieve desired 
properties, functions and performance characteristics (158). Nanocomposites can 
be defined as special types of materials made with combination of two or more 
nano-sized objects using suitable techniques resulting in unique physical properties 
(159). The examples of unique properties are very large surface area to volume ratio, 
flexibility in surface functionalities, improved mechanical properties, making these 
materials suitable for a wide range of applications (160). Nanocomposites have also 
shown significantly better biodegradability (161,162). 
Nature has used nano-materials widely in natural biomaterials like bone, teeth, 
shells, and wood (163) and there is lot more to learn from nature. In 1998, an article 
published by Chemistry in Britain (164) admiring nature "Nature is a master chemist 
with incredible talent". Surprisingly, all natural nano-materials are fabricated under 
ambient conditions without any need of high temperature, pressure or extremes of 
pH (59). Biomimetic techniques are the way to unlock nature's methodology to 
optimize nano level materials fabrication (156). 
Considering organic/inorganic nano-composite materials, a number of different 
materials have been used to make nano-particles to blend with polymers. Examples 
of inorganic nano-particles are metals (Al, Fe, Ag, Au etc), ceramics (ZnO, Ti02, 
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CaC03iAI203) (163) and silica (165-174). The selection of nano particle depends 
on the desired properties in the new material for any particular application, for 
example, metal nano particles can result in higher conductivity or ceramic nano-
particles can produce better mechanical properties (163). Moreover, the properties 
of nano-composites can also be varied by changing proportions of parent materials, 
morphology (particle, fibres, tubes, wired etc) and interfacial features (164). 
Because of excellent physical and biological properties, silica nano-particles have 
been widely used with different natural and synthetic polymers for making nano-
composites for a range of applications (165-174). Silica/silk hybrid materials have 
been fabricated widely (157,175-177) and are considered to have significant 
potential for biomaterial applications (157). In a recent study (136), silk containing 
chimeric proteins functionalised with silica condensing peptide (R5) were used to 
make nano-composite materials. The significance of such a kind of chimeric protein 
is described below. 
1.16- What are fusion (chimeric) proteins and why to use them? 
The national institute of Cancer has defined a fusion protein as a protein made from 
a fusion gene that is created by joining parts of two different genes (178). Fusion 
proteins may exist naturally as a result of DNA transfer between chromosomes or 
can be produced by combining genes from the same or different species in the 
laboratory using genetic engineering techniques (178). Fusion proteins have been 
used in a wide range of applications in areas such as cancer research (179-190), 
immunology studies (191-193), drug delivery (194-197), biosensors (198,199), 
material synthesis (200), inorganic material synthesis (201,202), and biomimetic 
synthesis (202). 
In a recent study (136), novel nanocomposites were prepared using spider silk-silica 
fusion proteins and biomimetic techniques. These fusion proteins prepared using 
genetic engineering techniques consisted of two components. One component of 
this fusion protein is the self-assembling domain based on the repeat consensus of 
spider dragline silk, responsible for the formation of highly stable (3-sheet formation 
and excellent mechanical properties. The second part of the fusion protein is the R5 
peptide (136) isolated from the silaffin protein of diatom (Cylindrotheca fusiformis), 
as a 19 amino acid unit (SSKKSGSYSGSKGSKRRIL) that has been shown to 
induce and regulate silica precipitation under ambient conditions (203). This fusion 
protein has been used in the production of nanocomposite materials containing 
silica particles with a narrow distribution range (0.5-2 urn); while mineralization 
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reactions in the presence of only the R5 peptide produced silica particles of wider 
size range 0.5-10 urn in diameter. Moreover, the spider drag line silk is a natural 
fibrous biomaterial which has impressive mechanical and complex self-assembling 
properties (136). 
1.17- Criteria for future dental materials 
Restoration of lost dental and oral tissues represent a major problem costing 5-10 % 
of healthcare budgets in developed countries (204). None of the biomaterials 
available are ideal for dental applications and there is need of new materials with 
improved properties. "Why new dental materials" has been explained in detail in 
section 1.9. There is a long history of using synthetic materials (metals, alloys and 
ceramics) for dental applications (Section 1.1). There are certain discrepancies in 
dental restorative materials in use currently, such as silver amalgams have certain 
toxicity issues and their clinical use in many countries has declined in recent years 
(205). Shortcomings of dental resin composites are described in section 1.14. 
Tissue engineering technologies represent an attractive option to replace existing 
dental materials and can fulfil many problems found with the present dental 
materials. Development of biocompatible, biodegradable, bioactive and composite 
scaffold materials can induce dentin regeneration leading to physiological 
replacement of lost/damaged dentin that can serve for a longer duration than any 
synthetic dental material. Over the last few decades, a significant amount of money 
has been spent on research to develop and improve dental materials (204). 
Significant progress has been achieved in tissue regenerative techniques by 
understanding tissue structure-function relationship and tissue engineered products 
are commercially available for wound, burn and ulcer repair, arterial grafting (206), 
and articular cartilage (207). However, dental tissue engineering research is 
challenging, involving multiple disciplines and remarkable progress is expected by 
designing biomimetic and bioactive scaffolds. 
1.18-Aims and objectives 
The major goal of this research project is to develop a new silk-silica based 
bioactive, biodegradable and biocompatible scaffold material with improved 
properties that will have intend application dental tissue repair and regeneration 
upon application in the tooth. 
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The main aims for this research are; 
I. To study the chemistry and kinetics of silica formation and to assess the 
effects of silk proteins on them. 
II. To evaluate the effects of silk proteins on structure, morphology and 
mechanical properties of nanocomposite materials produced. 
III. To study the effect of silk containing proteins on the mechanical and functional 
properties of nanocomposite materials. 
IV. Use the results to assess which organic-inorganic combination will provide 
potential nanocomposite materials for dental applications. 
1.19- Hypothesis 
The hypothesis for this study is that alteration in silk proteins can affect the structure, 
morphology and strength of silica based nanocomposite materials for the intended 
application of dentin tissue engineering. 
The outcome of this project will be the production of an entirely new family of 
nanocomposite biomaterials for dental applications, created from novel self-
assembling proteins and silica and providing nanoscale control of morphology and 
structure. This control will be at the molecular level for interaction of organic and 
inorganic components which is a hallmark of nature to attain strength and toughness 
in biological structures. The proposed nanoscale biomimetic approach is also 
versatile in the sense that protein domains involved can be transformed with other 
mineral content such as hydroxyapatite or titanium oxide to expand the range of 
composite materials to be generated. It can be hoped from the on-going research 
that new materials with improved properties will be available for dental applications 
in the near future. 
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Chapter 2 
MATERIALS AND METHODS 
This chapter describes all experimental processing methods and materials used for 
this research. For ease of understanding, it has been divided into the following 
sections. 
1) Processing of Bombyx mori (BM) silk 
2) Silica 
3) Materials fabrication 
• Gelation route 
• Electrospinning and fabrication of nano-fibres 
• Study of electrospinning parameters to improve properties 
4) Analytical techniques 
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2.1 - Processing of Bombyx mori (BM) silk 
Humans have been domesticating Bombys mori (BM) silkworms for thousands of 
years for a range of applications in the textile industry and more recently in 
biomedical research (1,2). 
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Figure 2.1: Different stages in the processing of BM silk, methods used in the thesis 
are listed on the right side 
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For textile applications, very little processing (e.g. dying or spinning) of natural silk 
fibre is needed (3,4). However for successful biomedical applications, different 
materials morphologies such as films, foams, and hydrogels on the micron or nano 
scale are desired to get certain benefits. Natural silk fibres cannot be directly 
transformed into such material forms and need to be dissolved in a solvent. Due to 
the complex structural nature of natural silk and the presence of very strong 
hydrogen bonding, it has a tough nature is hard to dissolve even in harsh solvents 
and needs long processing (1,5,6). Once silk has been dissolved, it can be used in 
different ways to produce a variety of materials of different morphologies and 
properties such as films, gels, granules, foams and electrospun mats (1,7). The 
main stages in the processing of BM silk for biomedical applications are removal of 
glue like protein sericins, dissolving in aqueous ionic solutions, dialysis to remove 
inorganic salts from the silk solutions and then regeneration of various forms of silk. 
Different stages in the processing of natural Bombyx mori (BM) silk are summarized 
schematically in Figure 2.1 and are below. 
2.1.1- De-gumming of silk cocoons 
This is the first stage in the processing of BM silk and different expressions such as 
"de-gumming"(2), "pre-treatment" and "desericinisation" (8) have been used in the 
literature to describe it. Structurally, BM silk is composed of two distinct proteins 
called silk fibroin and sericin as shown schematically in Figure 2.2. The purpose of 
this process is to remove gum like sericin from silk cocoons without degrading silk 
fibroin (1,2,7). 
protein coating 
sericin fibroin 
Figure 2.2: Schematic illustration of Bombyx Mori silk cross section (7). 
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Serein is an amorphous glycoprotein and accounts for 25 wt. % of B M silk (9). 
Sericin plays a functional role in coating cocoons to adhere the twin filaments and 
cocoons (10) and protects silk from microbial degradation, animal digestion and 
environmental damage (11). It also has some surprising properties such as U V 
resistance, oxidation resistance and an ability to absorb and release moisture easily 
(12). Due to the proven role of sericin in inducing allergic and immunological 
reactions (13,14), it is crucial to remove all sericin prior to use for any biological 
application. A variety of methods have been tried for this purpose over the past 150 
years (8,15). 
There is some controversy concerning silk de-gumming techniques, as some 
researchers believe that it has no effect on silk protein conformation (16) while 
others (2,8), have provided evidence of molecular degradation. After a detailed 
review of previous literature (2,8,17-19) about de-gumming techniques, the following 
method and modification were used in the studies described in this thesis. 
2.1.1.1 - De-gumming Methods 
1) Sodium bicarbonate (NaHC03) solution 
Silk cocoons were boiled at 100 "C in 0.5 wt. % aqu eous solution of N a H C 0 3 
(100 v/w) of solution for 30 minutes. A second wash was given in exactly as 
above; followed by thorough rinsing with warm de-ionized distilled (dd) water 
and air dried at room temperature. 
2) Sodium bicarbonate (NaHC03) and mercaptoethanol solution 
Exactly the same method as described above, the only exception being the 
addition of 0.5 M of mercatoethanol in the de-gumming N a H C 0 3 solution. 
3) Urea solution 
Silk cocoons were heated at 80 "C in 8 M aqueous u rea solution (30 v/w) for 
10 minutes (2). Second wash was given in exactly the same way; followed by 
a thorough rinsing with warm de-ionized distilled (dd) water and air dried at 
room temperature. 
4) Urea and mercaptoethanol 
Exactly the same method as for urea (8M) was used, the only exception being 
the addition of 0.5 M of mercatoethanol in the de-gumming solution. All 
methods and relevant conditions are summarized in table 2.1 
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Table 2.1: Comparison of de-gumming conditions used 
Heating temperature 
Heating time/cycle 
Heating cycles 
Total heating time 
Solvent volume 
NaHC03 ± Mercaptoethanol 
100<C 
30 minutes 
2 
60 minutes 
100 time v/w 
Urea ± Mercaptoethanol 
80 <C 
10 minutes 
2 
20 minutes 
30 times v/w 
Once silk was dried completely, it was weighed to explore the effectiveness of each 
method in removing serein, considering total sericin contents in BM silk are 25 wt. % 
(9), and the results are shown in table 2.2 
Table 2.2: Effectiveness of different modification in removing sericin 
NaHC03 - Mercaptoethanol 
NaHC03 + Mercaptoethanol 
Urea - Mercaptoethanol 
Urea + Mercaptoethanol 
Cut 
Cocoon 
10g 
10g 
10g 
10g 
De-gummed 
silk 
7.95 g 
7.72 g 
8.4 g 
7.52 
Sericin 
removed 
2.05 g 
2.28 g 
1.6g 
2.48 g 
20% 
23% 
16% 
25% 
Efficient 
82% 
91.2% 
64% 
99.2 % 
In the case of 8M urea alone, the silk cocoons were not even opened properly, 
suggesting incomplete removal of sericin and were sticky upon washing with warm 
water afterward. This also suggests the importance of using mercatoethanol in the 
de-gumming solution. The most effective method was 8M urea with 
mercaptoethanol. 
2.1.2- Dissolving silk fibroin in aqueous ionic solutions 
The aim of this process is to dissolve de-gummed BM silk fibroin to get clear 
solutions with the least molecular damage of silk proteins. The presence of very 
strong intermolecular hydrogen bonding and highly organized clusters of (3-sheets in 
silk has made dissolution a tough challenge (1,20) A variety of methods using 
different high concentration ionic solutions (5,7,21,22) have been utilized in the past. 
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A high concentration of ions helps to break the strong hydrogen bonding in silk 
fibroin (23) and both cations and anions can affect the solubility however the ratio of 
anions has been found to have much greater impact on the solubility of silk fibroin 
(7). A few examples of commonly used ionic solutions for dissolving silk are lithium 
bromide, lithium thiocyanide and calcium chloride. 
In this study, mainly three solvents (listed below) were used to get clear silk 
solutions for different experiments and were compared for their benefits and 
limitations. 
A. Calcium chloride/ethanol/water solvent 
B. Lithium Bromide (LiBr) 
C. Lithium thiocyanate (LiSCN) 
2.1.2.1 -Calcium chloride/ethanol/water solvent 
The calcium chloride/ethanol solvent also known as "Ajisawa reagent" after the work 
of Ajisawa (2,24) and has been used widely in different studies to dissolve BM silk 
(25-31). The calcium chloride/ethanol/water ratio used in these studies was at a 
molar ratio of (1/2/8) respectively. However, Ajisawa (24) explored calcium chloride 
solvent with and without ethanol (CaCI2:H20 in the molar ratio of 1:8) and found that 
silk could only be dissolved in a solvent with ethanol and heating increases the 
solubility. Furthermore, ethanol in the solvent was found to help silk fibroin to swell 
and solution permeability and maximum solubility was observed when 2 moles of 
ethanol were added. Considering this point, the ternary solvents were made with 
different molar ratios of ethanol to find out the effect of ethanol on silk solubility and 
viscosities. 
Table 2.3: The effects of ethanol content in the ternary solvent 
dd. water 
Ethanol 
Calcium Chloride 
Viscosity (cP) 
Density (g/ml) 
Solvent A 
8 moles (144 g) 
2 moles (92 g) 
1 mole (111 g) 
15.25 
1.2 
Solvent Ai 
8 moles (144 g) 
1 moles (46 g) 
1 mole (111 g) 
14.19 
1.29 
Solvent A0.5 
8 moles (144 g) 
0.5 moles (23 g) 
1 mole (111 g) 
12.25 
1.33 
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Calcium chloride (1 mole/111 g) was dissolved in de-ionized water (8 moles/144 g) 
followed by addition of ethanol to each solvent. All solutions were left stirring until 
turned clear by dissolving all calcium chloride. The density of each solvent was 
calculated using a specific gravity glass bottle and viscosity was measured using an 
AND SV-10 viscometer. For each experiment, de-gummed silk was weighed and 
soaked completely in the solvent heated at 85 ° C + 0.3 ° C in a water bath for 30 
minutes to get clear, fully soluble silk solutions. Before viscosity calculations, all 
solutions were spun at 4000 rpm for half an hour to remove insoluble traces and 
impurities. 
Solvent A produced the most homogeneous and clear solutions for any 
concentration compared to solvent A1 and A05. Additionally, a decrease in ethanol 
content resulted in an increase in density and more turbidity of the silk solutions. Silk 
solutions in all three variants showed similar solubility and viscosity (Figure 2.3), the 
only exception was 8 wt. % solutions where a decrease in ethanol was observed to 
produce more viscous solutions. 
A1 -B-A0.5 
4 
[Silk%] 
Figure 2.3: The effect of ethanol contents on silk solutions viscosity 
Altering the ethanol content did not show any remarkable improvement in the 
solubility or viscosity behaviour of silk solutions so it was decided to carry on with 
solvent A (Ajisawa reagent) only for further studies. 
2.1.2.2- Lithium Bromide (LiBr) 
Lithium bromide (LiBr) is an ionic solvent that has been used frequently in different 
studies (21,32) typically at a concentration of 9-9.5 M. Solvent A (calcium 
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chloride/ethanol/water) has been described to dissolve silk fibroin but proved to 
cause the degradation of fibroin due to heating requirement (2) and cannot be used 
where sensitive biochemical characterization of silk is desired. Another important 
limitation of the calcium chloride/ethanol/water solvent was the low solubility (up to 
15 wt.%) and cannot be used in certain experiments where higher silk 
concentrations were desired. 
LiBr has the ability to dissolve silk fibroin under comparatively mild conditions, as it 
can dissolve up to 2 wt. % of fibroin at room temperature (slow process takes about 
24 hours) and up to 20 wt. % can be dissolved by heating for 3 hours at 65 ° C. 
considering these features, LiBr was used to dissolve silk for biochemical studies 
and for gelation studies where the highest silk concentrations were desired to get 
stronger materials. All solutions were centrifuged at 4000 rpm for half an hour to 
remove insoluble traces and impurities before proceeding to further experiments. 
2.1.2.3- Lithium thiocyanate (LiSCN) 
Lithium thiocyanate is another strong ionic solvent that can break the hydrogen 
bonding to dissolve the silk fibroin. It has been used to at room temperature up to 3 
wt. % (2). This solvent is the best to use for biochemical analysis as no heat 
treatment is required, causing minimum/no damage to the silk structure. 
For biochemical analysis, de-gummed silk of each type was soaked in ~ 9.3 M 
aqueous LiSCN solutions and left overnight to get 3 wt. % clear silk solutions. 
These LiSCN-silk solutions were dialyzed to obtain aqueous silk solutions for 
biochemical analysis. 
2.1.3- Dialysis of silk solutions 
2.1.3.1-Method 
The ionic silk solutions were dialyzed against de-ionized distilled water using 
12,000-14,000 Da molecular weight cut off cellulose cassettes. The dialyzing water 
was typically changed after 1 hour, 3 hour, evening-morning-evening for three days. 
Only in case of silk biochemical analysis, a quick dialysis (dialysis water was 
replaced after every half an hour and at least 4 changes to make sure of complete 
dialysis) was used to get quick recovery and avoid denaturation of proteins. 
This process resulted in removal of inorganic ions and production of regenerated silk 
proteins soluble in water. The aqueous silk solutions exhibited entirely different 
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solution properties from ionic silk solutions because of replacement of ions with 
water molecules and interaction of water with proteins. Solution properties such as 
concentration and viscosity are important parameters especially for electrospinning, 
with very low viscosity solutions generating beads (33). The viscosity of silk 
solutions is directly proportional to concentration, and is the most critical factor 
controlling the structural morphology of the nano-fibrous structure (29,34) with both 
parameters being changed as a result of water ingress inside the cellulose cassette 
(see below). The aqueous silk solutions were lyophilized to get solid powder like silk 
and were used for nano-composite fabrication using electrospinning route. 
In order to increase the concentration above 3%, aqueous silk solution was injected 
into a cellulose cassette and was dialyzed against 10-15 wt. % polyethylene glycol 
(PEG) overnight. That resulted in pulling water out of silk solutions due to difference 
in osmotic stress and concentrated up the silk solution. The silk concentration was 
determined by weighing the remaining solid contents after drying. Concentrated silk 
solutions were recovered from cellulose cassettes before gelation and were used for 
further experiments. 
2.1.3.2- Viscosity measurements 
Viscosity of all silk solutions was measured using an AND viscometer model SV-10 
(Figure 2.4). The equipment is composed of a main unit containing a pair of gold 
plated vibrating paddles with a temperature sensor between them and a LCD control 
display. It can measure viscosity over a wide range 0.3-10,000 mPa.S (1 mPa.S=1 
cP). It is supplied with a 10 ml sample cup at the base of main unit. Silk solution (10 
ml) was placed in the sample cup and the sample table adjusted so that sensor 
plates were dipped in the solution up to the marked spot to measure the viscosity 
reproducibly. 
Gold plated paddle sensors once dipped in the solution vibrate at a constant 
frequency (30 Hz), and these vibratory movements are resisted by the sample and 
the current required maintaining the set frequency is measured. This process takes 
about 15-30 second to perform. In this study all measurements were performed at 
room temperature (20 ° C + 0.3 °C) and were recorded manually. 
The major significance of using this equipment was that it can measure a variety of 
samples quickly over a wide range of temperature (if wished) and can be used to 
measure time dependent changes in the viscosity. There are limited studies 
reported on the rheology of silk aqueous solutions (35). As dialysis resulted in the 
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change of solution properties, so viscosities of dialysed silk solutions were observed 
over a period of time to explore their stability. 
Figure 2.4: AND (SV-10) viscometer and display LCD 
Like any other polymer, viscosity of silk solutions were observed to increase with an 
increase in concentration (Figure 2.5); the lowest being for 0.003 wt. % aqueous silk 
solution (0.971 cP) immediately after dialysis, which is even slightly less than water 
at the same temperature and the highest viscosity for a 1.04 wt. % silk solution 
(1.142 cP). 
-•-Initial -»-Day1 -*-Day4 -*-Day7 -*-Day10 
-•-Day 14 H - Day 18 —Day 21 Day 28 
0 0.25 0.5 0.75 1 1.25 
Final [Silk] % 
Figure 2.5: Changes in viscosity of aqueous silk solutions of different concentrations 
over 28 days 
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Viscosities of all our solutions continued to decrease with time and went down to 
0.831 cP and 0.931 cP for 0.003 % and 1.04 % silk solutions respectively by the end 
of 28 days and were therefore slightly less viscous than water for any concentration 
of silk. Zainuddin et al; (35) observed similar behaviour of aqueous silk solutions; 
followed by a drastic increase in the viscosity near the gelation point of the silk 
solutions. The viscosity of the silk solutions in the aqueous ionic solvent before 
dialysis also increased with increase in silk concentration however, this was much 
higher (up to 42.4 cP for 2.5 % and 22.033 cP for a 1 % silk solution) than observed 
with the aqueous solutions. The low viscosity of aqueous silk solutions can affect 
material fabrication for example in electrospinning as higher viscosity is desired to 
electrospin polymer fibres without bead formation (33). 
2.1.3.3- Particle size measurements 
Dynamic light scattering (DLS) also known as photon correlation spectroscopy is a 
technique used to determine particle sizes in solutions. DLS is a very cost effective 
technique that can be used for a wide range of particle sizes (as small as a couple 
of nm up to many microns). DLS works on the principal of diffusion of particles 
through a liquid medium and is dependent on temperature, viscosity and particle 
size (36). The particles in the solution shift by three dimension Brownian movement 
(37). Light passing through the solution is scattered at an angle by particles and 
recorded by a photomultiplier (detector) and this data is used for further analysis. 
For all particle size measurements in this study, a Malvern Zetasizer (Figure 2.6) 
was used. Samples were filtered using 0.45 u syringe filters to remove any 
aggregates and impurities and diluted to get appropriate numbers (amount) of 
particles. All measurements were performed at room temperature (25 ° C controlled 
automatically by the machine), using disposable plastic cuvettes. Ten 
measurements were performed at right angle for each sample to calculate average 
particle size using the DLS data. 
Particle sizes in aqueous silk solutions tend to decrease over time for any solution. 
Particle sizes were in the range of 220-300 nm after one day of dialysis and were 
observed to reduce to 74-190 nm range on day 28 (Figure 2.7). 
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Figure 2.6: Dynamic light scattering (DLS) equipment A)-Machine, B)- Cell area 
C)- Cuvette 
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Figure 2.7: Change in particle sizes of aqueous silk over a period of time (28 days) 
The decreases in the particle size over time alongside the decrease in viscosity 
seem related to each other and explain the situation to some extent. It can be 
suggested that silk proteins in aqueous solutions are not stable for a long time (35) 
and freshly dialyzed solutions should be used for all experiments. 
2.1.4- Segregation of Bombyx mori silk fibroin components 
Silk proteins have a very complex structure and it is well documented in the 
literature that silk fibroin can be subdivided into different components, heavy chains 
(^350 kDa) and light chains (-25 kDa) silks connected by a disulphide bond (2,7,38-
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42). Formic acid (FA) is an organic solvent and has been used to dissolve silk. Due 
to the presence of highly organized hydrogen bonding natural silk is not fully soluble 
in formic acid (43). However, formic acid has the ability to breakdown BM silk into 
two components and solubilises one part only. Considering this fact, a novel method 
has been developed to separate natural silk into two different fractions very easily 
using formic acid. 
2.1.4.1-Methods 
In order to develop a method, de-gummed silk was weighed and dispersed in 98-
100 % formic acid (FA) at a range of concentrations (0.01-8 wt.%) and centrifuged at 
4000 rpm for an hour so that the un-dissolved portion of silk can settle down. The 
supernatant was removed and filtered using glass filters to remove any impurities. 
r" i i7 A 
L . ^ __mk 
Figure 2.8: Process of separating silk fractions using formic acid A) - De-gummed 
natural silk, B) - Dried soluble fraction, C) - Dried insoluble fraction 
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Figure 2.9: Proportion of formic acid soluble and insoluble fractions A) - ratios at 
different initial silk concentrations, B) - Average weight proportion 
The insoluble fraction from each sample was treated twice with formic acid to make 
sure all soluble components have been removed and the supernatants all combined. 
The insoluble fractions were washed thoroughly using de-ionized distilled water to 
remove all residual formic acid and air dried. The soluble fractions were left in a 
fume hood to evaporate all formic acid leaving solid material. Once both fractions 
had dried completely, they were weighed to calculate their relevant proportions. The 
physical appearance of both fractions and the whole process is shown schematically 
(Figure 2.8). 
Once the method has been developed and evidence obtained that the ratio of both 
fractions constant (17 wt.% soluble) regardless of initial silk concentration (Figure 
2.9), typically 1 wt. % silk solutions were made up in 98- 100 % formic acid the silk 
fractions were separated for further use. Formic acid separated silk fractions were 
studied for further solution properties. 
The effect of different de-gumming methods (as in section 2.1.1.1) on silk-FA 
treatment was also explored. For this purpose 1 % silk-FA solutions from each de-
gumming method were prepared and treated exactly as above to separate both 
fractions and were later used for biochemical analysis. It was observed that the 
weight ratios of silk fractions changed according to the de-gumming method used 
and suggests that the residual sereins present may interfere with this process 
(Figure 2.10). 
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Figure 2.10: The effect of de-gumming methods on removal of sericins and separation 
of silk fractions 
2.1.4.2- FA Soluble fraction 
Soluble fractions were re-dissolved in formic acid to get transparent silk solutions of 
a range of concentrations for viscosity measurement using the method described 
above (section 2.1.3.2). As for any other polymer solution, there was a general trend 
of increasing viscosity with increase in concentration (Figure 2.11). The silk 
solutions in formic acid remained stable for longer time (up to many days) and their 
properties did not change with time, having maximum solubility limit of about 34 wt. 
% at room temperature that is comparable to in vivo silk solubility in insects and 
spiders used to produce solid fibres with excellent properties (44). 
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Figure 2.11: Viscosity of FA soluble silk re-dissolved in formic acid at different 
concentrations 
The viscosity of 33.33 wt.. % FA soluble silk solution was as high as 217.2 cP and 
could be lowered to 1.8 cP depending on the concentration and can be adjusted as 
required for different electrospinning experiments. 
2.1.4.3- FA Insoluble fraction 
The FA insoluble fraction was not soluble in formic acid so needed to be treated with 
ionic aqueous solvents to solubilise using the method described (2.1.2). It was 
crucial that formic acid had been removed completely by washing otherwise it was 
found to interfere in solution and reduced sample solubility in ionic solvents. 
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Figure 2.12: Viscosities of total silk and FA insoluble silk fraction compared at 
different concentrations in solvent A (CaCI2:EtOH:H20) 
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The insoluble fraction could be dissolved in any of the ionic solvent up to reasonable 
concentration (up to 10 wt. %). The viscosity of F A insoluble silk in ternary solvents 
remained higher than for total silk at any concentration of silk under similar 
conditions (Figure 2.12). 
2.1.5- Regeneration of total silk and silk fractions 
After the detailed exploration of solution behaviour of silk as described above, each 
type of silk was regenerated using a set protocol. Silk cut cocoons (Bombyx mori) 
were de-gummed using a method (1 of 2.1.1.1) and air dried. Silk fractions and total 
silk was dissolved in aqueous ionic solvent (2.1.2.1) to get 6 wt. % clear solutions. 
For certain experiments, higher concentrations of silk solutions (up to 20 wt. %) 
were prepared. All solutions were dialyzed using protocol (2.1.3) to get regenerated 
silk in water. After dialysis regenerated silk was mainly used in three ways. 
I) Aqueous solutions for silk gelation studies 
II) Concentrated up using P E G to make nano-composites through the 
gelation route 
III) Lyophilisation to get solid powdery silk to dissolve in solvent (FA) for 
electrospinning 
2.1.6- Regenerated silk solutions in formic acid 
Formic acid (98-100 %) is frequently described in the literature to dissolve and 
manipulate regenerated Bombyx mori silk (30,35,43,45-48) Regarding regenerated 
silk, Formic acid is known to produce a stable silk solution and is often used in fibre 
formation from silk polymers, additionally it has also been proven to increase 
crystallization in the solid state (22). Formic acid-silk solutions remain remarkably 
stable compared to aqueous silk solutions (43). Regenerated silk of all types (total 
silk, F A soluble F A insoluble) and natural F A soluble were dissolved in formic acid. 
For ease of understanding, nomenclature and abbreviation of these silk samples is 
shown (Figure 2.13). 
2.1.6.1- Solubility and viscosities of regenerated silks in formic acid 
The maximum solubility of regenerated silks in formic acid at room temperature was 
measured by dissolving 4 g of silk in 8 ml of formic acid. In order to find out the 
solubility limit of each type, formic acid was added in increments of 1 ml after 30 
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minute period until regenerated silk was fully dissolved. The viscosity of each silk 
solution at its maximum solubility was measured using the method described 
(2.1.3.2). Regenerated silk-formic acid solutions were diluted with incremental 
addition of solvent so that viscosities could be measured over a range of 
concentration of solutions. There was a wide variation of solution properties 
depending on the type of silk. 
Not soluble in F 
Dissolved in 9 M 
LiBr + dialysis + 
Lyophilisation 
ly soluble in 
electrospinning 
Figure 2.13: Regeneration of natural BM silk and its fractions and their physical 
appearance. A)- Total silk, B)- Regenerated total silk (RTS), C)- FA insoluble fraction, 
D)- FA soluble fraction, E)- Regeneration FA insoluble fraction (RUDS), F)-
Regenerated FA soluble fraction (RDS). Only A and C could not be dissolved in FA 
For example, the maximum solubility was observed in the case of regenerated total 
silk (RTS), was up to 40 wt. % (Figure 2.14), followed by natural FA soluble and 
regenerated dissolved silk (RDS) up to 33.33 wt. %. 
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FA insoluble - X - FA soluble regenerated - FA soluble - • - Regenerated total 
10 20 30 
[Silk] wt % 
40 50 
Figure 2.14: Viscosities and solubility limits of regenerated silk solutions in formic acid 
The solubility of RUDS was lower (25 wt. %) than other silks however; it produced 
significantly more viscous solutions than other silks at comparable concentrations. 
2.1.6.2- Time dependent changes in regenerated silk solutions 
These experiments were performed to observe the change in RTS-formic acid 
solutions over time to assess their stability. 
2 8 - D a y 
L i g h t Y e l l o w 
Figure 2.15: Colour changes with time observed in aging regenerated silk-formic acid 
solutions 
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Regenerated total silk (RTS) was dissolved in 98-100 % formic acid to make 10 wt. 
% solutions. After an hour, the RTS dissolved fully to give a clear solution and the 
initial colour, viscosity and absorbance were recorded. Solutions were stored at 
ambient conditions and colour changes (visual observation, photographs in Figure 
2.15), viscosity (3.1.3.2) and absorbance (UV/Vis spectrometer in range of 390 nm-
900 nm) were measured periodically up to 50 days. Absorbance was measured 
using a UV/Vis spectrometer (390 nm-900 nm with band width of 2.0 nm) and 
presented (Figure 2.16-B). Formic acid 98-100% (solvent) was stored under similar 
conditions and was used as a blank each time followed by sample measurements 
using single use plastic cuvettes. 
40 -, 
35 -
~ 30 
Q. 
O 
S 20 H 
o 
10 
5 
0 
10 20 30 40 
Time (Days) 
50 60 
1.4 
1.2 
1 
% 0.8 
Q. 
8 0.6 
n 
< 
0.4 
0.2 
• Day 1 - • - Day 2 
• Day 28 -I- Day 35 
Day 4 - Day 6 - * - D a y 8 
Day 42 — Day 50 
350 450 550 650 750 
Wave length (nm) 
850 950 
Figure 2.16: Changes in aging regenerated silk-formic acid solutions A)- viscosity B)-
Absorbance 
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The decrease in the silk solution viscosity (Figure 2.16-A) with time is related to silk 
protein degradation (49). These findings suggested that regenerated silks in FA 
showed desired properties in terms of solubility and viscosity, however they are not 
stable for more than few hours and must be used within few hours of preparation. 
2.1.6.3- Combination solutions of RUDS and RDS in different ratios 
Considering the wide variation in solution behaviour of regenerated total silk and its 
fractions, different combinations of the silk fractions were studied so that properties 
could be adjusted as desired for specific outcomes. 
Table 2.4 : Composition of different solutions with variable 
proportions of different silks 
Sample 
H90 
H75 
H50 
H25 
H10 
RUDS(H100) 
RDS 
RTS 
RUDS (wt. %) 
90 
75 
50 
25 
10 
100 
0 
0 
RDS (wt. 
%) 
10 
25 
50 
75 
90 
0 
100 
0 
RTS (wt. %) 
0 
0 
0 
0 
0 
0 
0 
100 
For this purpose, RUDS and RDS were mixed in different weight ratios (table 2.4), 
and dissolved in FA to get the desired concentration as described above (2.1.6). 
The final properties of these solutions were studied in further experiments that are 
described in next chapters. 
2.1.7- Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) 
SDS-PAGE has been used for many years for separation and molecular weight 
determination of proteins (2,50-58) including silk proteins (2,8,38,39,59). This 
technique involves the use of a detergent sodium dodecyl sulphate (SDS), 
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polyacrylamide gel having different size pores and electrophoresis (60). 
Electrophoresis is a phenomenon of movement of charged molecules in an electric 
field and can be used for separating proteins and macromolecules (60). Such 
movements of molecules in the electric field is affected by other parameters such as 
strength of electric field (E), net charge on protein molecule (z), and frictional 
coefficient (/) and can be expressed as (60) 
Iigration velocity (v) = E z 
f 
(Eq2.1) 
The frictional coefficient (/) is dependent on the viscosity of the medium (n.) and size 
and shape of the moving molecule. For a molecule of radius (r), frictional coefficient 
(/) can be calculated by the following equation (60). 
/ = 677T|r (Eq 
2.2) 
On the basis of these equations, the movement of a charged protein can be 
analysed, for example smaller molecular size proteins or higher charge will move 
faster in electrophoresis (61) and stack at different levels in a gel. Polyacrylamide 
gels are used most commonly to separate different size proteins as it has benefits 
such as to act as a sieve and enhances the separation (Figure 2.17). It is inert and 
pore size can be controlled easily during polymerisation (60). 
H2C=C—C— 
Acrylamide 
( « 
NH, + \ C H , = C 
O 
C — NH 
Methylenebisacrylamide 
Mixture of different proteins 
S2Og (persulfato) 
i / 
CONHj CONH2 
-CH—CH2—CH —CH.—CH — 
I 
CONH 
I 
CH, 
I 2 
CONH 
-CH—CH,—CH—CH, CH 
(sulfate free radical) 
•^m 
SDS PAGE 
Polyacrymide 
gel 
J 
—^ ** ^ o 
„, v ^ 
Jl 
Figure 2.17: A schematic presentation of the structure and role of polyacrylamide gel, A)-
Acrylamide (red) monomer and methylenebisacrylamide (green) cross linker; pore size 
can be controlled during polymerisation, B)- mixture of proteins loaded in gel, C)- proteins 
of different sizes separated in gel (derived from Biochemistry (62)). 
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SDS also plays a vital role in the reliability of this method (50,60), so proteins are 
treated with sample buffer containing SDS and some reducing agents to break 
sulphide bonds (60). SDS acts to dissociate proteins by completely unfolding each 
polypeptide to form linear SDS-polypeptide complexes (62) giving denatured protein 
a large negative charge that is roughly proportional to the protein mass and migrate 
through the polyacrylamide gels. In the case of most proteins, their mobility is 
linearly proportional to the logarithm of their mass (60). 
Urea and mercaptoethanol are commonly used in sample preparation and help in 
denaturing and unfolding of proteins (63) as required for SDS PAGE. Urea works by 
forming hydrogen bonds with protein side chains (Figure 2.18) that are even 
stronger than hydrogen bonds in proteins themselves and is also able to disrupt the 
hydrophobic interactions in proteins. It also enhances the accessibility of disulphide 
to reducing agent (63). 
Urea 
Urea *- A 
O 
II HaN-C-NIIy 
Figure 2.18: A scheme to show the effect of urea on portions A)- Native protein, B)-
Denatured protein after urea treatment (65). 
Mercaptoethanol is frequently used as a reducing agent (60,63) and works by 
converting disulphide bonds to sulfhydryl groups (Figure 2.19). 
Mercaptoethanol 
Figure 2.19: A schematic presentation of effect of mercaproethanol, A)- Native protein 
with disulphide bonds (red lines), B)- Mercaptoethanol treated protein showing 
replacement of disulphide bonds with sulfhydryl group (65). 
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In order to match and identify sample proteins, a protein marker (set of known 
molecular weight standard proteins) is also run under identical conditions. Once 
electrophoresis is completed, the gel can be removed for protein staining giving 
stained bands in the area of protein in each well (detailed in 2.1.7.3). 
2.1.7.1-Method for SDS-PAGE 
De-gummed silk of each type was dissolved in ionic solvents using methods (2.1.2) 
to get 3 wt. % solutions. Each solution was dialysed against de-ionised distilled 
water (2.1.3) to get aqueous solutions. Final protein concentration after dialysis was 
calculated using the Bradford protein assay (2.1.7.2). Sample buffer (Laemmli 2x; 
pH 6.8), containing 10 % of 2-mercaproethanol 0.004 % bromophenol blue was 
modified according to a set method (2) by adding 8 M urea and more sodium 
dodecyl sulphate (SDS) to a final level of 10 %. All samples were diluted carefully 
with this modified buffer (pH 6.8) in a volumetric ratio of 1:1 and were denatured by 
heating in a water bath at 50 "C for ten minutes. All samples were centrifuged at 
2000 rpm for 30 seconds and were then loaded in the polyacrylamide gel alongside 
the protein marker. Gel electrophoresis was performed in running buffer (pH 8.3) 
containing SDS (0.1 %), trizma base buffer (25 mM), glycine 192 (mM) and HCI (to 
adjust pH) at a fixed voltage of 120 v until all samples approached the bottom of the 
gel. 
2.1.7.2- Bradford protein assay 
The Bradford protein assay was used for the determination of silk protein 
concentration prior to SDS-PAGE. This technique has the ability to detect 
micrograms of protein in solution and is frequently applied due to ease of use and 
sensitivity (64). It is based on the principle of binding of Coomassie blue dye to 
proteins (65,66). The dye binds to the proteins in approximately two minutes and 
maintains colour stability in solution for up to one hour giving very reproducible 
results (65). The presences of cations such as sodium and potassium or 
carbohydrates have no or very little interference with the assay (65). The Coomassie 
blue dye binds to proteins readily through arginyl and lysyl residues and does not 
bind to free amino acids (67,68). On binding to the proteins, anionic form of the dye 
gives blue colour (66) and is measured using UV-Vis spectroscopy. 
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Figure 2.20: An example of calibration curve from Bradford assay using BSA 
standard solutions 
For calibration purposes, standard solutions of bovine serum albumin (BSA) 0.5 
mg/ml to 3 mg/ml were prepared. A 5 [\Z aliquot of each sample as well as BSA 
standards were pipetted into a 96 well plates (in triplicates), followed by addition of 
250 [\Z of Bradford dye in each well. After an incubation period of 15 minutes, 
absorbance was measured at 590 nm and 495 nm using 96 well plate UV 
spectrometer (Accu reader LT-5000). A ratio of absorbance (590 nm/495 nm) 
increases the linearization and sensitivity of Bradford assay (64), and was therefore, 
used for all calculations. An example of a Bradford calibration curve is shown 
(Figure 2.20). 
2.1.7.3-Gel staining 
After electrophoresis, each gel was washed thoroughly with de-ionised distilled 
water to remove all residual SDS and stained. A very small amount of protein (0.1 
ug) produced distinct bands using the Coomassie blue stain, while silver staining 
was even more sensitive and could detect as little protein as 20 ng (0.02 ug) (60). 
The double staining technique was used i.e. blue staining followed by more sensitive 
silver staining as described here. All steps were performed on a shaker. 
i. Add 40 ml of Coomassie blue reagent (EZBlue) supplied by Sigma for 45 
minutes 
ii. Rinse gel and de-stain with de-ionised distilled water for 45 minutes 
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Hi. Decant water and add 100 ml of fixing solution (10 % acetic acid, 50 % 
ethanol) and leave the gel overnight 
iv. Replace fixture with 30 % ethanol solution and wait for 10 minutes 
v. Water wash (200 ml) for ten minutes followed by sensitisation for ten minutes 
using the proteosilver sensitizer solution (100 ml of 1 %) provided in 
Proteosilver plus (Sigma) silver staining kit 
vi. A couple of water washes (10 minutes each) and pour 100 ml of 1 % 
proteosilver silver solution and wait for another 10 minutes 
vii. A quick wash in water (60-90 second) and pour 100 ml of diluted proteosilver 
developer solution (4-7 minutes), care was taken to prevent over or under 
developing of gels 
viii. Upon appearance of bands, add 5 ml of Proteosilver stop solution in the gel 
tray to stop the reaction and wait for another 5 minutes 
ix. Decant both developer and stop solutions and rinse gel carefully with water 
x. Record the gel by scanning 
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2.1.8- Materials 
Silk cocoons were supplied by Forest Fibres, UK and were cut by the supplier to 
remove silkworms. Chemicals used were sodium bicarbonate (NaHC03) 99% from 
Aldrich (Cat no. 34,094-4), 2-Mercaptoethanol (C2H6OS) 99% from Acros Organics 
(Cat no. 125470010) and urea (CH4N20) supplied by Sigma Aldrich (Cat no. 5213-
6). 
Calcium chloride anhydrous (CaCI2) from Fisher scientific (Cat no. C/1400/62), 
lithium bromide anhydrous (LiBr) from Acros organic (Cat no. 199875000) and 
lithium thiocyanate hydrate (LiSCN.xH20) from Aldrich (Cat no. 308374). 
Cellulose dialysis cassettes supplied by Fisher Scientific (Cat no. TWT.-400-130U) 
and polyethylene glycol H(OCH2-CH2)nOH supplied by Aldrich (20,240-1) were used 
for experiments. Formic acid (98-100 %) analytical grade (HCOOH) supplied by 
Fisher scientific (Cat no. F/1900/PB08) was used. 
For SDS-PAGE analysis, Sodium dodecyl sulphate (Ci2H25Na04S) electrophoresis 
grade from Sigma (Cat no. L-3771-100G) was used for making the running buffer 
and modifying sample buffer, Laemmli 2x concentrate from Sigma-Aldrich (Cat no. 
S3401), BSA ~ 66 kDa Fluka supplied by Sigma-Aldrich (Cat no. 05476) Bradford 
reagent (Quick start™) from Bio-Rad (Cat no. 5000205), Pre-cast ready tris-HCI (4-
15 % gradient polyacrylamide) gels from Bio-Rad (cat no. 116-1104). 
HiMark pre-stained protein standard (range 30 kDa - 460 kDa) supplied by 
Invitrogen (Cat no. LC5699) shown in Figure 2.21-A was modified by addition of a 
17 kDa myoglobin protein supplied by Sigma-Aldrich (Cat no. M5696-100MG) were 
used. 
Apparent Molecular Weight (kDa) 
Band 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
NuPAGE® 
Tris-Acetate 
460 
268 
238 
171 
117 
71 
55 
41 
31 
NuPAGE® 4-12% 
Bis-Tris/MOPS 
420 
247 
214 
160 
107 
64 
51 
39 
28 
4%Tris-
Glycine 
500 
279 
251 
164 
121 
-
-
-
-
1 
2 3 
4 
5 
6 
7 
8 _ 
9 -
: 
kDa 
460 
268 
238 
171 
117 
71 
55 
41 
31 
17 
B 
Figure 2.21: Protein markers used for SDS-PAGE A)- HiMark pre-stained protein 
standard (range 30 kDa - 460 kDa), B)- Modified by addition of 17 kDa myoglobin 
For staining, Coomassie blue reagent EZBlue™ from Sigma (Cat no. G 1041) and 
Proteosilver™ plus silver staining kit supplied by Sigma (Cat no. PROT-SIL2) were 
used. 
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2.2- Preparation of silica nano-particles 
In order to investigate the ability and effects of ceramic silica particles to interact 
with silk and improving mechanical properties, silica nano particles of different sizes 
(10-450 nm) were prepared using the modified Stbber method. In the original 
method (Stbber et al; 1968) used alcohol (methanol, ethanol, and n-propanol) as a 
solvent together with tetraalkoxysilicates. Ammonia (anhydrous 99.99%) was used 
as the hydrolysing agent resulting in the formation of spherical particles of ca. 0.05 
/jm to 2 /jm in diameter. 
It was necessary to use nano sized Stbber silica particles for this project. Different 
modifications (69) of the original method (70) (Table2.5) were made in an attempt to 
get nano sized silica particles with high degree of mono-dispersity and appropriate 
range of particle sizes. 
2.2.1-Methods 
Tetraalkoxysilane (TEOS) was hydrolysed in the presence of ammonia that also 
acted as a condensation catalyst and affected the average particle size formed 
depending upon the concentration of ammonia. For each modification, ammonia (10 
M/35%) was diluted in deionised distilled water to get a range of concentrations (0.2 
M to 5 M) that was used to explore their effect on silica particle size. Diluted 
ammonia solution (21.6 ml) from each concentration (0.2 to 5 M) was dissolved in 
80 ml of ethanol and 22.3 ml/0.5 M of 98 % TEOS was dissolved in 76.6 ml of 
ethanol in separate vessels. Ammonia solutions of variable concentrations were 
mixed with TEOS solutions in 250 ml volumetric flasks with stopper (200 ml batch 
was prepared for each variable) and treated differently depending on the 
modifications (table 2.5). 
Table 2.5: Different modifications used for making silica nano particles 
TEOS/Ethanol 
Ammonia 
Final Volume 
Temperature 
Equilibrated 
Stbber 
22.30 ml 
21.6 ml (0.1M-5M) 
200 ml 
Room Temperature 
Un-Equilibrated 
StbberA 
22.30 ml 
21.6ml(0.1M-5M) 
200 ml 
Room Temperature 
Equilibrated 
Stbber B 
22.30 ml 
21.6ml(0.1M-5M) 
200 ml 
50 °C for 60 minute 
Un-Equilibrated 
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All solutions were stirred for 15 minutes at 600 rpm using a 12 mm magnetic stirrer 
and kept under ambient conditions in stoppered flasks. TEOS was hydrolysed and 
subsequently silicic acid condensed in the presence of ethanol and ammonia 
forming silica particles. For Stbber and Stbber A batches, solutions were mixed and 
kept at room temperature while for Stbber B only; solutions were heated for one 
hour at 50 ° C and then kept at ambient conditions. Alcoholic ammonia and TEOS 
solutions for Stbber A were equilibrated by placing them in separate vessels in the 
dark for one week before mixing while in case of Stbber and Stbber B; solutions 
were un-equilibrated and mixed immediately at room temperature. Particle sizes 
from different solutions were analysed using DLS (2.1.3.3) and scanning electron 
microscopy (SEM). 
The particle size was observed to increase with increasing concentration of 
ammonia added for any modification similar to that observed for the original method 
(70). The smallest particles were obtained with 0.2 M added ammonia solution in 
any modification (13-18 nm), while the largest average particles were obtained from 
5 M added ammonia solution (Figure 2.22). These experiments had very good 
reproducibility with slight difference in particle sizes among different batches 
produced and suggested that a range of Stbber silica nano-particle can be produced 
by varying ammonia contents. Similar effects of ammonia concentration on particle 
studies were observed in previous studies (70,71). 
Stbber -*-Stober A -B-Stober B 
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a> 
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0 
j 0.45 
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Q 
a. 
X 
a 
•D C 
>. 
-- 0.2 
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0 
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Figure 2.22: The relationship between added ammonia concentration and silica 
particle sizes and PDI. 
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PDI was observed to be higher in smaller particle samples which is thought to be 
due to their tendency to form aggregates due to high surface energy (71). A PDI of 
less than 0.1 is considered to reflect mono disperse systems (Malvern 
instruments\DTS5.00\FAQ), all solutions having greater than 0.5 M added ammonia 
showed PDI of less than 0.1 determining the uniformity of particles. 
"5tJm ' ' 5 [J in 
Figure 2.23: SEM images of silica particles (Stbber B/4M ammonia), average size 
270 nm which is very close to the size measured by DLS (281 nm) for the same 
batch, (scale bar=5 urn, images taken at an accelerated voltage of 20 kV) 
The Stbber B method produced the most uniform particles with lowest average PDI 
(Figure 2.22) and was used for all further experiment. SEM was used to check the 
size and morphology of silica particle and images are shown in Figure 2.23 for 
Stbber B/4 M ammonia. 
2.2.2- Materials 
Tetraethoxy silane (98 % TEOS), [Si(OC2H5)4] supplied by Aldrich (13,190-3) and 
aqueous ammonia (NH3) from Fisher (Cat no. A/3240/PB17) were used for making 
all Stbber silica. 
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2.3- Materials fabrication 
Materials were prepared using different forms of silk solutions and additions of silica 
using two different techniques described here. 
2.3.1-Gelation route 
Aqueous silk solutions can be used for making silk hydrogels and different aspects 
have been explored previously (31,72-74). As pH is an important parameter that 
affects the gelation of silk (72) as well as silica condensation (75), all experiments 
were performed using buffers. Gelation times of different silk solutions at different 
pH values were estimated by turbidity measurement using a 96 well plate reader. 
2.3.1.1-Method 
Silk hydrogels and composite fabrication took place using 96 well plates with 
changing silica and silk contents in rows or columns (Figure 2.24). The following 
variables were explored; 
i. Silk content (0 to 32 mg) 
ii. Silica source (hydrolysed TEOS or Stbber particles) 
iii. Silica (Stbber) particle size (11 to 300 nm) 
iv. Silica content (0 to 60 mg) 
v. Buffers (Bis-tris propane/citric acid or phosphate buffer)-pH 7.0 
Figure 2.24: Schematic map of 96 well plate to show different variables 
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In order to obtain pH 7.0 bis-tris propane/citric acid (BTCA) was pippeted in one half 
and phosphate buffer in the other half of a plate as shown in Figure 2.24. The final 
concentration of buffer was maintained at 0.1 M. Aqueous silk solutions were 
prepared by dissolving silk (15 wt. %) in LiBr and dialysed using methods described 
(2.1.2.2 and 2.1.3) and concentrated up using 10 wt. % PEG in the external solution. 
After concentration calculation, different amounts were added in different rows 
(Figure 2.24). This step was followed by addition of silica in the form of hydrolysed 
TEOS or Stbber particles. The presence of ethanol in silica solutions helped these 
materials to gel in a matter of a few hours (depending on the silk and ethanol 
contents). Once these materials turned turbid, they were lyophilised to get solid 
composite materials. A detailed characterisation of these materials was performed 
using SEM, Fourier transform infrared spectrometry (FTIR), Thermo gravimetric 
analysis (TGA) and mechanical testing. 
2.3.1.2- Materials 
Bis-Tris propane (CiiH26N206) supplied by Sigma (Cat no. B6755-100g), citric acid 
(C6H807) anhydrous (99 %) from Acros Organics (cat no. 110450010) were used to 
prepared 1 M solutions and diluted to 0.1 M at the time of materials preparation. 
Phosphate buffer was prepared by making 1M solution at pH 7 using 5.1g of 
NaH2P04 and 16.9g of Na2HP04 in 100ml and ten times dilution was used in 
experiments. Hydrochloric acid (HCI) stock solutions 1M from Fisher (Cat no. 
J/4320/15) was used to pre-hydrolyse TEOS. 
2.4-Electrospinning 
Electrospinning is a technique that can be used to synthesize nanoscale fibres. This 
technique can be used for soluble or fusible polymers alone or polymers can be 
modified with additives such as particles or enzymes to get the desired properties 
(76). The resultant ultrafine fibres exhibit many interesting features, e.g. high surface 
area to mass or volume ratio, high density of pores in sub-micrometer or nano scale 
and vast possibilities for surface functionalization (76-79). These unique properties 
make electro-spun fibres an excellent candidate for a variety of biomedical 
applications, e.g. topical or parental drug delivery, wound dressings and scaffolding 
materials for tissue engineering (80). Electrospinning has been used for several 
biopolymers and blended biopolymers with synthetic polymers to obtain nano-fibres 
(76). 
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Figure 2.25: Increase in number of publications on electrospinning in recent years 
(Data collected from the Web of Knowledge using keyword "electrospinning") 
Electrospinning has also been used for silk polymers in several studies 
(26,34,46,77-89) and there is a dramatic increase in the number of publications 
related to silk suggesting an increase in its popularity in recent years (Figure 2.25). 
2.4.1- Electrospinning equipment 
The electrospinning technique involves the introduction of a strong electric field 
between a polymer solution contained in a reservoir with a capillary tip and a 
metallic collection plate (90). 
Figure 2.26: Schematic presentation of the electrospinning equipment (Zhang et al; 
2009), A)- Mechanical syringe pump, B)- Metallic needle, C)- Power supply, D)-
Taraet staae. E)- Earth cable 
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The process is shown schematically in Figure 2.26 (91), the polymer solution is 
pumped through the metallic needle (B), [55 mm long, gauge 20] at a constant flow 
rate using a syringe pump (A), [flow rate could be adjusted from 0.09 to 45 ml/hr]. 
Due to an increase in the potential voltage difference [power supply (C) can supply 
0-30 kV] between the polymer solution and the collection plate (D), electrostatic 
forces overcome the solution surface tension to pull a jet of charged fluid that splits 
into nano fibres that fall towards the collection plate and solidify to become fibres. 
The high charge flow induces fibres separation and rapid drying. The solvent (FA) is 
very volatile and evaporates quickly which also help fibres solidify rapidly. 
2.4.2- Factors affecting electrospinning 
The morphology and properties of electro-spun fibres can be manipulated by varying 
a range of parameters to get fibres of the desired morphology and properties. A list 
of factors affecting electro-spun fibres is listed in table 2.6 (90). 
Table 2.6: List of variable parameter affecting the morphology 
Process 
Parameters 
• Voltage 
• Flow rate 
• Collection plate 
• Distance 
• Angle 
• motion 
Systemic 
parameters 
•Polymer type 
•Molecular 
weight 
•Polymer 
architecture 
•Solvent used 
Solution 
parameters 
• Viscosity 
• Concentration 
• Conductivity 
• Dielectric constant 
• Surface tension 
• Charge of jet 
electro-spun fibres 
Physical 
parameters 
• Humidity 
• Temperature 
• Air velocity 
Table 2.7: Factors affecting electro-spun silk nano-fibre 
Variable 
Voltage (Kv) 
Target Distance (cm) 
Target Angle 
Silk concentration (wt. %) 
Flow rate (ml/hour) 
Constant potential Gradient 
(kV/cm) 
Factors 
24, 18,15,12,9,6 
24,22, 15,7.5,7.0 
51° 90° 
30,25,20, 15,10,5 
0.09,0.45,0.9, 1.8 
24/8, 21/7, 18/6, 15/5, 12/4, 9/3 
(Constant=3kV/cm) 
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The polymer solution should have an optimal low surface tension and high enough 
charge density and viscosity so that collapse of the jet into droplets can be 
prevented before the solvent evaporates (92). These factors may be correlated and 
affect fibre morphology in a complex fashion. In order to understand these effects, 
some important parameters were explored to set up the method (table 2.7). In 
general, to explore one factor (variable), all other parameters and conditions were 
kept constant. 
2.4.3- Electrospinning dope preparation 
Electrospinning silk solutions were prepared in formic acid using the method 
described above (2.1.5 and 2.1.6). Any solution prepared was stored at ambient 
conditions for at least 1 hour to ensure complete solubilisation of silk and was used 
on the same day. For parameters analysis, only regenerated total silk (RTS) was 
used, however, once the method was set, all fractions and their combinations were 
electro-spun. 
Fibre morphology was analysed using SEM and average fibre diameter was 
calculated by measuring 25 fibres randomly from each sample and results are 
discussed here. All SEM images shown here are taken at a magnification of 5000X 
at 20 kV. 
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2.4.4- Concentration and viscosity 
Concentration may indirectly affect fibre morphology by changing the solution 
viscosity as more concentrated solutions generally give higher viscosity (Figure 
2.27). Both are important parameters in producing continuous uniform fibres. 
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Figure 2.27: A)- Effects of concentration and viscosity on electro-spun fibre 
diameter, B)- Average fibre diameter at various silk concentrations 
Below 20 wt.. % silk solutions, continuous and uniform fibres could not be produced 
under similar conditions and ended up in either droplets or mainly droplets and a few 
fibres (Figure 2.28). 
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Figure 2.28: The effects of silk concentration on fibre morphology; [Fixed 
parameters: 24 kV, collected at 7.5 cm, flow rate 0.9 ml/hr] (scale bar=10 urn) 
These results suggest that silk concentration must be 15 wt. % or more in order to 
get uniform continuous fibres. 
2.4.5- Distance and spinning angle 
Capillary tip to collection plate distance is also an important parameter observed to 
affect electro-spun fibre morphology (92). This distance also affects the time 
available for the solvent to evaporate, with a longer distance providing comparatively 
more time and vice versa. 
24 cm 19 cm 10 cm 7.5 cm 90° 51° 
Figure 2.29: Effects of distance and angle of collection target on fibre morphology 
The change of collection angle produce significantly large fibres with wider fibre size 
distribution (Figure 2.29), while average fibre size was observed to decrease with 
decreasing the collection distance 
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51° 90° 7.5 cm 10 cm 19 cm 
Figure 2.30: The effects of collection plate distance and angle on fibre 
morphology; [Fixed parameters: 20 wt. % silk, 24 kV, flow rate 0.9 ml/hr; for angle 
experiment distance was fixed to 7.5 cm] (scale bar=10 urn) 
Concluding from these findings, all samples spun were collected at right angle at an 
optimum distance of 10 cm as closer than that did not provide enough time to 
solidify fibres (in case of 7.5 cm shown in Figure 2.30). 
2.4.6-Voltage and potential gradient 
Electric potential is another important parameter that can affect the final morphology 
of fibres (92). The effect of change in voltage may be dependent on other 
parameters as well; however in general electro-spun fibre diameter is decreased on 
increasing the electric field (45). Fibres produced at 6 kV (0.8 kV/cm) had diameters 
868.94 nm ± 310.10 nm, which sharply decreased to 319.35 nm ± 148.47 nm at a 
voltage of 9 kV (1.2 kV/cm). Thereafter, no significant change was observed in the 
average fibre size up to voltage of 18 kV (2.4 kV/cm), however fibre size distribution 
became narrower. At the highest voltage of 24 kV (3.2 kV/cm), fibre size was 
significantly decreased down to 129.31 nm ± 22.29 nm showing the narrowest fibre 
size distribution as well (Figure 2.31-A). 
The effect of voltage is strongly correlated to the collection plate distance as altering 
the voltage also changes the voltage/distance for a fix collection plate distance. In 
another set of experiments, voltage/distance was maintained at 3kV/cm by adjusting 
distance alongside voltage. 
For all samples electro-spun silk fibres in the range of 201 nm to 220 nm diameter 
with a standard deviation of 42 to 62 were obtained. Surprisingly, there was no 
significant difference in average fibre size diameter and fibre size distribution among 
fibres spun at 6 kV up to 24 kV as for as distance was adjusted accordingly (Figure 
2.31-B and SEM images in Figure 2.32). 
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Figure2.31: The effects of voltage with different gradient potential at fixed distance 
of 7.5 cm (A), and constant potential gradient on fibre morphology (B) 
' * * > . 
Figure 2.32: The effects of difference in voltage on fibre morphology; [Fixed 
parameters: 20 wt. % silk, at 7.5 cm, flow rate 0.9 ml/hr] (scale bar=10 urn) 
These results suggested that potential gradient is an important parameter and must 
be considered while changing voltage or distance. For all further work, a constant 
potential gradient of 2.5 kV/cm was used. 
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2.4.7- Flow rate 
The flow rate of the polymer solution is an important parameter as it determines the 
size and shape of the Taylor cone at the end of the metallic needle. The 
maintenance of the cone shape throughout electrospinning is necessary for a 
continuous polymer jet (93). The effect of flow rate was studied from 0.09 ml/hr to 
1.8 ml/hr under similar electrospinning conditions [20 wt. % silk, voltage 24 kV at 7.5 
cm]. 
•g- 140 
~ 120 
o 
o 100 
0.45 0.9 
Flow Rate (ml/hr) 
Figure 2.33: Effect of flow rate on average fibre size distribution 
As a general trend, average fibre diameter slightly increased by increasing the flow 
rate however the difference was not significant. At a flow rate of 0.09 ml/hour, 
average fibre diameter was 98.17 nm ± 17.83 nm and increased to 122.85 nm ± 
37.36 nm by increasing flow rate to 1.8 ml/hour (Figure 2.33). Similarly, fibre size 
distribution was observed to increase insignificantly with increase of flow rate. In 
order to have better control on fibre size distribution, a flow rate of 0.9 ml/hr was 
used for further experiments. 
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2.5- Characterization techniques 
A range of characterisation techniques were used in this study. 
2.5.1- Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is mainly used for characterising surface 
morphology (94). SEM consists of a filament (cathode) that works on very simple 
principle as schematically shown in Figure 2.34. The filament produces an electron 
beam that passes through the lens and is used to scan the sample surface, 
producing secondary electrons scattered from the surface. These secondary 
electrons are monitored by a detector and passed to the cathode ray tube (CRT) for 
display. During this process X-rays are produced as well and are used for elemental 
analysis in modern SEM. 
Scan coil 
Secondary 
electrons 
Filaments 
Electron beam 
Scan 
generator 
CRT 
Detector 
and Amp 
Figure 2.34: Schematic presentation of SEM principle (derived from Dawn) 
The alignment of electron beam source (filament), lens, scan coil and detector is 
very crucial for proper functioning of SEM and to get sharp images (94). Scanning 
electron microscope from Jeol model JSM 840A (Figure 2.35) was used at an 
accelerating voltage of 20 kV. 
- 8 0 -
Chapter 2 Materials and Methods 
2.5.1.1- Sample preparation for SEM 
Sample material was mounted on aluminium stubs having sticky conductive tabs 
connecting stub and the sample material. In case of electro-spun mats, a patch of 
aluminium foil containing fibres was cut to stick on the stub. 
Figure 2.35: Jeol scanning electron microscope model JSM-840A 
For lyophilised silk or composites, material was simply sprinkled on the stub and 
tapped to remove any unattached fragments. All samples were gold coated with 
argon for two minutes using an Edwards S150B sputter coater at 1.2 kV and 4.5 
mbar. 
2.5.2- Fourier transform infrared spectroscopy (FTIR) 
Infrared (IR) spectroscopy is a technique used to characterise materials by 
measuring absorbance (A) or transmittance (T) of the infrared part of the 
electromagnetic spectrum. The IR spectrum is usually expressed in wave numbers 
that are the reciprocal of wavelength and is measured in 1/centimetres (95,96). 
Wave number = 1 (Eq 
2.3) 
A 
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This technique works by studying the vibrational modes present in different 
molecules. Atoms in any molecules are found in the stage of continuous vibrational 
movements with respect to each other. There are different kind of vibrational 
movements such as stretching, bending and scissoring and may be accompanied by 
rotational motions (97). For infra-red spectroscopy, the vibrational mode must 
change the electric dipole moment during vibration (such as asymmetric vibrations) 
to make it infrared active and restricts its use for symmetric vibrations where 
change in the dipole moment is not observed (98). Infrared radiation is absorbed by 
molecule and combination of vibrational movements result in formation of 
characteristic spectra in the infrared region (97). 
Table 2.8 : Characteristic absorption peaks of FTIR spectra 
Nature of bond 
Symmetrical stretch of Si-O-Si (75) 
Si-OH vibration (75) 
Asymmetrical stretch of Si-O-Si (75) 
P-turn (99,100) 
(3-sheet (99,100) 
a-helix (99,100) 
Random (99) 
O-H stretch in adsorbed water molecule (75) 
O-H stretch with hydrogen bonding (75) 
O-H stretch without hydrogen bonding (75) 
Absorption peak (cm1) 
800 
850-950 
1050-1150 
1673-1691 
1633 
1658 
1647 
3400-3500 
3650-3660 
3745-3750 
The infrared region can be divided into three regions, near-infrared (28000-4000 cm" 
1), mid-infrared (4000-400 cm"1) and far infrared (400-10 cm"1) (96). In this study, 
mid-infrared region was used to obtain characteristic information about samples and 
presence of silica and the effect of processing conditions on the secondary 
conformation of the silk proteins. The relevant wave numbers are given in table 2.8 
suggesting mid-infrared region very important for analysis. 
In modern FTIR instruments, the monochromator has been replaced by Michelson 
interferometer, that can work on sinusoidal transmittance pattern and records the 
spectrum at all wavenumbers simultaneously (95). FTIR is a characterisation 
technique with excellent benefits such as an ease of use, small amount of sample 
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material (50-200mg), time effective (as little or no sample preparation is required 
and can be analysed in 1-10 minutes), an ability to detect impurities (as low as 0.1-
1%) and can be used for a detailed characterisation of a range of organic and 
inorganic materials (97). 
2.5.2.1-Method for FTIR 
FTIR was performed on electrospun silk mats to analyse silk conformational 
changes and on nanocomposites to determine in organic content. FTIR 
spectrometer PerkinElmer model 100 FT-IR was used. This instrument can be used 
both for liquid and solid sample and perform a quick measurement in the range of 
7800-380cm"1. All measurements were performed at resolution of 4cm"1 for 32 scans 
in the range of 4000 cm"1 to 400 cm1. Electrospun silk mats were analysed along 
with aluminium foil where was used as a blank. All spectra were interpreted using 
SPECTRA, OMNIC and GRAM computer software. 
2.5.3- UV-Visible spectroscopy (UV-Vis) 
UV-Vis spectroscopy was used to measure the absorbance of sample at a range of 
specific wave length (190 to 1000 nm) including UV (190 to 350) the visible light 
(350 to 650 nm). 
Essentially, it contains a source of light, a tungsten lamp for visible light and a 
deuterium lamp for UV light. The light source can be controlled using a mirror as 
needed. In some machines, before reaching the sample, light is filtered for a specific 
wavelength using monochromator. The light transmitted from the sample is sensed 
by a detector, amplified and displayed as absorbance (A) or transmittance (%7) (95). 
UV-Vis is commonly used to calculate concentrations of a sample dissolved in a 
solvent and using solvent only as a blank and %Tat a specific wave length can be 
calculated by a simple formula (95). 
Transmittance (7) = Intensity of light transmitted by sample (Ij) (Eq 2.4) 
Intensity of light transmitted by Blank (IR) 
%7~={/T)X100 (Eq2.5) 
( /R) 
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And absorbance (A) can be calculated as 
A = -log (7) (Eq 2.6) 
Absorbance can be used for further calculation using Beer Lambert's law that can 
be expressed as (95,101) 
A = ebc (Eq 2.7) 
Where 
'e' is absorptive of sample at a particular wave length 
'b' is path length through the sample 
'c' is concentration of sample 
Hence by calculating absorbance and fixing path length, concentrations of different 
samples can be determined. The UV-Vis spectroscopic technique was used in a 
number of experiments in the PhD study including the Bradford assay for protein 
concentration measurements, colour changes in silk solutions and turbidity 
measurements in gelling silk solutions. 
2.5.4- Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is used to establish changes in mass of a 
material as a function of temperature (102). Under the influence of different 
temperature/heating conditions, a material can undergo a variety of changes such 
as structural decomposition, alteration in moisture contents, oxidation, corrosion or 
gas evolution. TGA is an excellent tool to analyse such changes in a variety of 
materials (102) including nanocomposites (103) and nanoparticles (104). Recent 
advancements in TGA instrumentation allow better control over heating rates 
providing more isolated and dynamic environment for samples (105). 
Typically, TGA is composed of highly sensitive microbalance, ceramic pans (sample 
holders) and a programmable furnace attached to the computer. The instrument is 
controlled using computer software that also collect and analyse TGA data. To 
prevent oxidation of samples while testing, different inert gases can be used for 
purging. 
2.5.4.1-Method 
For this study, all samples were analysed using a Mettlor Toledo model TGA/SDTA 
581e. Sample pans were pre-weighed and then loaded with sample material and 
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placed into the furnace. The TGA was programmed for heating samples from 30 *C 
to 600 *C to ensure complete combustion of organic matter. The temperature was 
held at 30 *C for the first ten minutes and then te mperature increased at a constant 
rate of 10 'C/minute up to 600 'C. An oxidising env ironment was retained by air flow 
at 20 ml/minute throughout the analysis. All data was collected using the software. 
2.5.5- Mechanical testing 
For development of new materials, it is crucial that they have the strength to 
withstand and tolerate stresses for the intended application. It is important to test 
mechanically to predict material behaviour to forces. There are different methods of 
assessing mechanical properties (Figure 2.36) however they all work mainly on the 
principle of stress and strain correlation (106). As materials being tested may be of 
different shapes and sizes so stress can be normalised by dividing force applied by 
area (107). Stress is force applied per unit area, 
Stress (6) = Force (F) (Eq 
2.8) 
Area (A) 
It is calculated in N/m2 orMPa. (1 N/m2=1Pa or 106 N/m2=1MPa) 
While strain is deformation as result of force applied 
Strain (e) = Deformation Al(l-ln) (Eq 
2.9) 
Original length (£,) 
Figure 2.36: Effect of force to deform an object shown schematically, A)- Compressive 
stress, B)- Tensile stress. Where lo is the original length and I refer to final size and 
M= I- to 
The mechanical behaviour of material is studied by stress-strain curve while 
increasing the stress at a constant rate. Stronger materials will need more force to 
produce strain and vice versa (Figure 2.37). 
- 8 5 -
Chapter 2 Materials and Methods 
/''Stiff 
/ Ductile 
/ Strong 
Tough
 1 
/'Stiff 
/ Brittle 
/ Strong 
2. 
Stiff 
Ductile 
/^Weak 
3 
Stiff 
Brittle 
(""Weak 
I 4 
/Flexible 
/ Ductile 
/St rong 
/ Resilient 
/ 5 
/Flexible 
/ Brittle 
/Strong 
/ Resilient 
/ 6 
Flexible 
/ 'Ductile 
/ Weak
 7 
Flexible 
s- Brittle 
/ Weak 
/ 8 
e 
Figure 2.37: Stress-strain curves for materials having different combinations of 
mechanical properties. Craig et al 2002 
The mechanical tester and methods used for testing materials during this study are 
described below. 
2.5.5.1- Mechanical tester 
For all mechanical testing, a Zwick/Roell mechanical tester (model Z0.5 TS) was 
used. This instrument was supplied with 500 N load cell (capable to perform testing 
at a speed of 0.001 - 2000 mm/min) and multiple attachments to perform a variety of 
testing procedures. The instrument can be controlled manually as well as by 
computer using the software testXpert II. The instrument works on the principle of 
recording stress strain curves. Force is applied to a material by a load cell at a 
constant rate and deformation is recorded either in mm or % strain. This data is 
used to plot stress strain curves and to analyse for multiple parameters for a range 
of mechanical properties. 
2.5.5.2- Tensile testing 
Tensile testing is used to find maximum stress that a material can bear while force is 
applied outward (stretch as shown in Figure 2.36) from axis (108). 
2.5.5.3- Method development for tensile testing of Electrospun materials 
Tensile properties are often measured during new material development to compare 
different materials and processes and results are also used to predict the behaviour 
of new materials upon loading. In terms of electro-spun materials, nano fibres are 
always collected on a metallic target and it is almost impossible to separate them 
from the target without damaging the fibres. The other option for tensile testing of 
such material is to test them together with the metallic target and calculate the 
strength of the electro-spun material. A method using aluminium foil strips cut 
exactly the size to adapt to the electro-spun apparatus and mechanical tester and 
has been developed and is explained below. 
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Aluminium foil is held on the glass slide and 
held with paper clips that are connected to 
power supply beneath the glass slide 
Specimen (68 mm): Homogeneously coated with 
Electrospun silk and is held between the grips of 
mechanical tester. (Material is expected to fail in this 
area). 
-C X Widths 10 mm 
Edge (25 mm): this parts goes underneath the glass 
slide while electrospinning (no material on it) and 
under goes in the cardboard to work as a grip for 
mechanical tester 
Figure 2.38: Method development for tensile testing 
Briefly, aluminium strips were cut to exact size of 118 mm x 10 mm and were 
mounted on a glass slide using paper clips (bent at right angle) to connect to the 
electrospinning power supply (Figure 2.38 and 2.39). In this way, all electro-spun 
materials deposited on the aluminium strips gave a homogeneous coating. The part 
of aluminium foil beneath the glass slide did not get any fibres and was used to fix 
the foil inside a cardboard collar using cyanoacrylate superglue. This purpose of this 
attachment was to provide a solid grip for the mechanical tester to hold the sample 
and to prevent developing any stress concentration or tears alongside the edges 
while testing the material. 
The Sample was held in the mechanical tester firmly and force was applied parallel 
to the long axis of sample at a rate of 3mm/min until the material failed. 
Figure 2.39: Test specimens A)- Aluminium foil as mounted on the glass slide and held 
with paper clips, B)- Mounted for electrospinning, power connected to paperclips, C)-
electro-spun specimens glued to cardboard and ready for mechanical testing, D)- specimen 
placed in the mechanical tester, ready for testing, E)- Specimens after and before failure 
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For blank aluminium foils, all samples were tested in a series without depositing any 
material on them. Different stages of tensile testing are shown in Figure 2.39. All 
data was recorded in the testexpertll software and was exported to Microsoft excel 
for analysis and interpretation. 
-Al foil blank - ^ s i l k mats 7 mg 
V -200 CIS i 180 
| l 6 0 
O 
£140 
1120 
O 
""100 
Figure 2.40: Tensile strength of identical blank aluminium foils and electro-spun mats 
(ca. 7 mg deposited on each specimen) compared using this method. Each data point 
represents multiple repeats of testing specimens 
As an example, some of tensile testing results are shown in Figure 2.40 Due to the 
anisotropic nature of aluminium foil (substrate), blank samples showed wide 
variation in tensile strength whereas silk mats on foil (due to very low strength 
compared to aluminium foil) did not produce any different results than blank. 
However, this method has the potential to be used for stronger electro-spun mats. 
2.5.5.4- Compression testing 
Compression testing is a method used to find the maximum stress that a material 
can bear while force is applied inward (compress as shown in Figure 2.36) from axis 
(108), (compressive strength of materials). 
2.5.5.5- Method for compression testing 
Compression testing was used to mechanical test the nano-composites fabricated 
using the gelation route. Silk hydrogels and composites were fabricated using 96 
well plates with changing silica and silk contents in rows or columns (Figure 2.24). 
All experimental is described in section 2.1.2.2 and 2.1.3.1. 
Compression testing was performed on lyophilised materials inside the 96 well plate 
using a 4 mm diameter rod attachment on the mechanical tester compressing at a 
constant rate (10 mm/min). All data was collected in software testXpert II and 
exported as an excel file for interpretation. 
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Chapter 3 
BIOCHEMISTRY OF 
BOMBYX MORI SILK 
AND FRACTIONS 
In this chapter, the structure of the Bombyx mori (BM) silk, isolation and biochemical 
confirmation of different BM silk fractions is described. 
3.1- Introduction 
Silks are biocompatible and biodegradable proteins (1) that are spun into fibres by 
silkworms and spiders at ambient conditions (2). Considering the natural sources of 
silk, there are many silk producing animals but most natural silk is usually obtained 
from silk worm Bombyx mori (BM) due to ease of domestication (1). BM silk is 
known to have unique properties required for biomedical applications, for example, 
biocompatibility for a range of applications, is nontoxic, non-irritant (3-5) and has 
excellent mechanical properties (6). Silk has an ability to perform under a wide 
range of conditions of humidity and temperature (7). Due to the unique properties of 
silk, there is an increasing interest in silk for biological applications (8) Silk has a 
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very long history in biomaterial applications as it has been used as a surgical suture 
material successfully for decades (9). More recently, silk has also been introduced 
into other biomaterials applications such as tissue engineering scaffolds (10-14) 
and drug delivery (15,16). 
3.2- Structural Components of Bombyx mori silk 
Structurally, Bombyx mori silk primarily consists of two protein components, sericin 
and fibroin (17,18) The structural components of B M silk are shown in Figure 3.1. 
E B o m b y x mori silk • 
Fibroin [~ 75 wt %] 
Heavy chain [Mw~350kDa]l 
Glycoprotein P25 
[Mw~30kDa] f 
J 
Light chain [Mw~25kDa] 
Figure 3.1: The structural components of Bombyx mori silk 
3.2.1-Sericin 
Glue like sericin is a glycoprotein of amorphous nature that accounts for 
approximately 20-30 wt % of B M silk (19), it has a Mw (10-300 kDa), is rich in serine 
and is secreted by a separate pair of glands in silk worms (20). Sericin plays a 
functional role, coating cocoons, adheres the twin filaments and cocoons (21) and 
protects silk from microbial degradation, animal digestion and environmental 
damages (22). It also has some surprising properties such as U V resistance, 
oxidation resistance and an ability to absorb and release moisture easily (20). 
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Sericin is composed of 18 different amino acids (20,23,24) where 80 % of them are 
contain serine (S), aspartic acid (D) and glycine (G) giving it good moisture 
absorbing properties (24). The relative composition of amino acids may vary to 
some extent depending on the source of silk and processing method (20,23-25) is 
compared in table 3.1. 
Table 3.1: Proportions of different amino acids (%) in sericin (20,23-25) 
Amino Acid 
Serine 
Aspartic acid 
Glycine 
Glutamic acid 
Arginine 
Threonine 
Tyrosine 
Alanine 
Valine 
Lysine 
Histidine 
Leucine 
Isoleucine 
Phenylalanine 
Proline 
Methionine 
Cystine 
Zhang (20) 
28 
17.97 
16.29 
6.25 
3.52 
7.78 
2.87 
5.20 
3.77 
1.21 
1.32 
1.21 
0.64 
0.64 
— 
0.79 
0.69 
W u (23) 
27.3 
18.80 
10.70 
7.20 
4.90 
7.50 
4.60 
4.30 
3.80 
2.10 
1.70 
1.70 
1.30 
1.60 
1.20 
0.50 
0.30 
Sothornvit (24) 
32.74 
17.64 
9.89 
7.31 
6.16 
5.51 
4.63 
3.86 
3.14 
3.05 
1.81 
1.44 
1.04 
1.08 
0.59 
0.11 
— 
Vaithanomsat 
(25) 
31.99 
15.74 
14.20 
6.28 
4.29 
7.73 
3.01 
4.85 
3.30 
4.17 
1.49 
0.96 
0.72 
0.37 
0.71 
— 
0.20 
Sericin is soluble in water due to presence of high contents of hydrophilic amino 
acids (~ 70 %), with large sericin peptides being soluble in hot water while small 
peptides can be dissolved in cold water (20). Due to the proven role of sericin in 
inducing allergic and immunological reactions (26,27), it is crucial to remove all 
sericin from fibroin for any biological application. A variety of methods have been 
described in the literature to remove sericin (18,25,28,29). 
3.2.2- Silk Fibroin (SF) 
Silk fibroin is the structural protein of BM silk fibres and is insoluble in many solvents 
and water (4,17). Silk fibroin is a large protein macromolecule constructed of more 
than 5000 amino acids (30,31) and accounts for approximately 75 wt % of total BM 
silk (19). Silk fibroin comprises both a crystalline region (~ 66 %) and an amorphous 
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(~ 33 %) region (32). The crystalline portion of fibroin is composed of repeating units 
of the amino acids glycine (G), alanine (A), and serine (S), typically [G-A-G-A-G-S]n 
and forms a (3-sheet structure in the spun fibres which is responsible for good 
mechanical properties (32,33). The amorphous region mainly consists of the amino 
acids phenylalanine (F), tyrosine (Y) having large side chains that is responsible for 
the hygroscopic properties of the material (34). The proportion of different amino 
acids in silk fibroin has been known for more than 60 years and their contribution in 
silk fibroin in shown in table 3.2 
Table 3.2: Amino acid composition of BM silk fibroin (35) 
Amino acid 
Glycine 
Alanine 
Serine 
Tyrosine 
Valine 
Aspartic acid 
Phenylalanine 
Glutamic acid 
Threonine 
Isoleucine 
Leucine 
Proline 
Arginine 
Lysine 
Histidine 
Abbreviation 
G 
A 
S 
Y 
V 
D 
F 
E 
T 
1 
L 
P 
R 
K 
H 
Residue % (35) 
44.7 
25.7 
11.9 
5.4 
2.4 
1.6 
1.6 
1.1 
1.0 
0.6 
0.5 
0.5 
0.5 
0.4 
0.2 
According to Pauling and Corey (36), the repetitions of amino acids result in (3-sheet 
formation that assembles in an anti-parallel fashion. This type of (3-sheet packing 
results in a polar-antiparallel pattern and is also found in crystalline poly -[A-G]n (37). 
The Pauling-Corey model was accepted until it was suggested by Takahashi et al; 
(38) that (3-sheets can assemble in different ways, parallel or anti-parallel with polar 
or non-polar orientation of side chains, favouring antipolar-antiparallel orientation 
(Figure 3.2) with alanine and serine pointing up and down alternatively across a (3-
sheets. This type of orientation results in less regular packing of (3-sheet than The 
Pauling-Corey model (31). More recently, it has been proposed that (3-sheet in silk 
fibroin may be parallel instead of anti-parallel (31); all possible assembly orientations 
are show in Figure 3.2. 
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Polar-Antiparallel(PA) Polar-Parallel (PP) Antipolar-Antiparallel (AA) Antipolar-Parallel(AP) 
Figure 3.2: Schematic presentation of hydrogen bonding orientation and possible (3-
sheet models (40). 
For a long time, Silk fibroin was considered a single large polypeptide; but Shimura 
et al; 1976 (39), demonstrated that silk fibroin was composed of at least two protein 
subunits. The BM silk fibroin components, heavy chain (H-fibroin) and light chain (L-
fibroin) are attached to each other by disulphide bridges (Figure 3.3). Another 
component of silk fibroin is a glycoprotein P25 attached by non-covalent interactions 
to covalently bonded heavy and light chain complex (40,41). 
Figure 3.3: Schematic presentation of light and heavy fibroin assembly in BM silk. 
Redrawn from Ha et al. 2005 (48). 
Quantitatively, H-fibroin, L-fibroin and P25 are present in the silk fibroin in a molar 
ratio of 6:6:1 respectively (40) suggesting that P25 ia attached to a set of six (H-L 
fibroin) dimers [(H-L)6.P25] (40). The glycoprotein P25 has Mw of - 30 kDa, 
secreted with H-fibroin (41) and considered important in maintaining the integrity of 
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silk fibres however its role in the formation of silk fibroin is not yet clear (40). 
Interestingly, in a few species of silkworms (saturniidae family), the L-chain and P25 
are missing and silk is composed of H-chain only (42). 
3.2.2.1- Heavy chain silk 
The heavy chain (H-Fibroin) has a Mw ^350 kDa (43) and contributes about 46 % 
mole fraction of silk fibroin (40). The primary structure of H-fibroin is formed by 
highly repetitive sequence of GAGAGS, GAGAGY and GAGAGVGY amino acids 
(31,33,44), that are mainly hydrophobic (44). The secondary structure is mainly 13-
sheet with anti-parallel assembly (31,33) resulting in enhanced stability, crystallinity 
and mechanical properties in the spun fibres (45). Due to a very organised and 
unique conformation, H-chain has a very important structural role in BM silk (46). 
However, in addition to the highly organised domains there is also the presence of 
about eleven irregular sequences of about 31 amino acid residues however their 
role is not clearly understood (46). 
3.2.2.2-Light chain silk 
Light chain (L-Fibroin) has a Mw ^25 kDa (43) and contributes about 46 % mole 
fraction of silk fibroin (40). The L-fibroin shows comparatively more hydrophilic 
properties and is relatively elastic (40) with little or no crystallinity in its structure 
(30,43). Both types of fibroin are linked by a single disulfide bond between Cys-c20 
of H-fibroin and Cys-172 of L-fibroin (43) and the absence of such a disulfide linkage 
results in reduced in vivo secretion of silk fibroin (47). 
It is evident from the comparison in table 3.3 that heavy chain is quite similar in 
amino acid composition to the silk fibroin (table 3.3 above), however it is very 
different to the L-fibroin. The structural differences in both types affect the physical 
properties of these proteins that can be utilised to suit different biomedical 
applications. In this study, it is shown that both silk fractions can be mixed together 
in different proportions (described later) to adjust the final properties of such 
materials. 
Very little has been reported on the solution studies and materials fabrication using 
the light and heavy silk fibroin separately. The L-fibroin separated in this study has 
the novel benefit that it can be manipulated for making biomaterials in its natural 
form. 
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Table:3.3: A comparison of heavy and light chain silk fibroin (30,48) 
Physical Relative molar ratio (40) 
Crystallinity (43) 
Hydrophobicity (40) 
Mw (49,50) 
Structural Amino acids residues 
Glycine 
Alanine 
Serine 
In this study Solubility in formic acid 
Solubility in ionic solution 
Gelation time (aqueous silk) 
Physical appearance 
Heavy Chain 
1 
More 
More 
~ 350 kDa 
5263 (48) 
43 % (48) 
30 % (48) 
12% (48) 
Insoluble 
Soluble on heating 
Rapid 
Fibrous 
Light chain 
1 
None 
Less 
~ 27kDa 
262 (30) 
9 % (30) 
14% (30) 
10% (30) 
Soluble 
Soluble 
Slow 
Amorphous 
As there is a significant difference in the molecular weight of both silk fractions that 
can be crucial to influence the material properties. Generally, higher molecular 
weight can result in improving the mechanical and physical properties (such as 
tensile strength, melt viscosity). Molecular weight of a polymer can also effect on the 
ability to crystallise, secondary interaction and hydrogen bonding (2). H-chain of silk 
fibroin having higher molecular weight (~ 350 kDa) (49,50), containing 
approximately 5263 amino acid residues (48). The long chain orientation of H-chain 
can facilitates more polymer chain entanglement, increase and viscosity and 
improving the mechanical properties (51). Considering the importance of molecular 
weight and material properties relationship, the biochemical characterisation for 
molecular weight of the natural Bombyx mori silk and its fractions is described in this 
chapter. 
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3.3- Materials and methods 
Details of all materials used including protein standards and modifications (2.1.8), 
methods for de-gumming treatment (2.1.1), ionic silk solutions (2.1.2), dialysis 
methods (2.1.3), separation of silk fractions (2.1.4.1), sample preparation and 
method for gel electrophoresis (2.1.7.1), the Bradford assay (2.1.7.2) and gel 
staining methods (2.1.7.3). 
3.4- Sample nomenclature 
For ease of understanding and explanation, details of different samples, and their 
abbreviations are given in Table 3.4. 
Table 3.4: The description of silk samples used in SDS-PAGE analysis 
Sample 
A1 
A2 
A3 
A4 
A5 
B1 
B2 
B3 
B4 
B5 
C1 
CD1 
CUD1 
C2 
CD2 
CUD2 
C3 
CD3 
CUD3 
C4 
CD4 
CUD4 
C5 
CD5 
CUD5 
M 
Silk type 
Total 
Total 
Total 
Total 
Total 
Total 
Total 
Total 
Total 
Total 
Total 
Soluble 
Insoluble 
Total 
Soluble 
Insoluble 
Total 
Soluble 
Insoluble 
Total 
Soluble 
Insoluble 
Total 
Soluble 
Insoluble 
De-gumming method 
N a H C 0 3 - M e - S H 
NaHC0 3 +Me-SH 
Urea- Me-SH 
Urea +Me-SH 
NaHC0 3 (5 minutes) 
N a H C 0 3 - M e - S H 
NaHC0 3 +Me-SH 
Urea- Me-SH 
Urea +Me-SH 
NaHC0 3 (5 minutes) 
N a H C 0 3 - M e - S H 
N a H C 0 3 - M e - S H 
N a H C 0 3 - M e - S H 
NaHC0 3 +Me-SH 
NaHC0 3 +Me-SH 
NaHC0 3 +Me-SH 
Urea- Me-SH 
Urea- Me-SH 
Urea- Me-SH 
Urea +Me-SH 
Urea +Me-SH 
Urea +Me-SH 
NaHC0 3 (5 minutes) 
NaHC0 3 (5 minutes) 
NaHC0 3 (5 minutes) 
Ladder (17-460 kDa) 
Solvent 
CaCI2(A) 
CaCI2(A) 
CaCI2(A) 
CaCI2(A) 
CaCI2(A) 
Li-Br(B) 
Li-Br(B) 
Li-Br(B) 
Li-Br(B) 
Li-Br(B) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
LiSCN (C) 
Heat exposure (de-gumming + solvent) 
60 minutes/100 "C+30 minutes/85 "C 
60 minutes/100 "C+30 minutes/85 "C 
20 minutes/80 "C+30 minutes/85 "C 
20 minutes/80 "C+30 minutes/85 "C 
10minutes/100 "C+30 minutes/85 "C 
60 minutes/100 "C+180 minutes/65 "C 
60 minutes/100 "C+180 minutes/65 "C 
20 minutes/80 "C+180 minutes/65 "C 
20 minutes/80 "C+180 minutes/65 "C 
10minutes/100 "C+180 minutes/65 "C 
60 minutes/100 "C+ 0 minutes 
60 minutes/100 "C+ 0 minutes 
60 minutes/100 "C+ 0 minutes 
60 minutes/100 "C+ 0 minutes 
60 minutes/100 "C+ 0 minutes 
60 minutes/100 "C+ 0 minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
10 minutes/80 'C+O minutes 
20 minutes/80 "C+0 minutes 
20 minutes/80 "C+0 minutes 
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3.5- Results and discussion 
A number of studies (40,41,43) have described the functional correlation of silk 
components and suggested that L-fibroin and H-fibroin have different structural and 
physical properties that could be attractive for biomedical applications. For example, 
silk fractions have been used for making tissue engineering scaffolds and were 
compared with silk fibroin (52). The major problem in using H and L-fibroin is their 
separation and purification from silk cocoons without protein degradation. The 
processing of BM silk for any biomedical application starts with the de-gumming 
treatment to remove sericin. There are established methods (18,28,29), however 
they all involve harsh conditions of temperature and pH that degrade fibroin 
structure (29) and are discussed in section 3.5.2. 
In vivo, silk fibroin is present in water soluble conformations and converts to a very 
tough, insoluble and well organised structural formation on spinning and dehydration 
(53,54). The exact mechanism of silk fibroin assembly in animals and how they 
convert water soluble protein to very tough and insoluble fibres by spinning is not 
well understood (54), however it appears to be an irreversible process thus making 
separation of fibroin fractions a challenging task. Different approaches such as 
column chromatography (40,52,55) and genetic engineering (56,57) have been used 
to separate H and L-fibroins. However the silk fibroin was being derived directly from 
the living silkworm by dissecting glands and involved the regeneration of silk fibroin. 
The study described below has provided a novel method of separating light and 
heavy chains from spun silk fibres that is simple to use and very cost effective. In 
this way, the use of natural silk components could be possible for the gelation 
biomaterials with less harsh processing measures. In order to confirm the success 
of the procedure biochemical analysis was carried on total BM silk and the 
separated fractions (H and L-fibroin) that has been pre-treated by a range of 
processing conditions as described in Table 3.4. 
3.5.1-Molecular weight determination of BM silk, light and heavy fibroin 
In a recent study (29), the Ajisawa method of dissolving silk was shown to cause 
degradation of BM silk fibroin while lithium thiocynate (LiSCN) was suggested to not 
cause any harm during the dissolution of BM silk and this solvent was therefore 
used mainly for molecular weight determination in this study. As the regenerated 
aqueous silk solutions of intact silk fibroin gel a lot more quickly than degraded 
fibroin (29). It was observed that LiSCN-silk solutions were gelled spontaneously 
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during dialysis indicating less damage to proteins compared to LiBr and Ajisawa 
reagents. The rapid gelation even at (z 1 wt %) concentration made handling of 
LiSCN-silk solutions for gel electrophoresis a challenging task. To overcome this 
problem, LiSCN-silk solutions were dialysed against 1% SDS solutions. Due to 
strong denaturant nature of SDS (58) gelation times were prolonged sufficiently to 
allow for electrophoretic separation. However, the ingress of ions into the dialysing 
silk solutions resulted in imbalance of SDS content between samples and the 
protein standards that interfered with the gel electrophoresis process (Figure 3.4). 
*WTr*e 
«4^ 4 -
J j J . 
Figure 3.4: The effect of extra SDS content in silk samples as result of dialysing 
against 1 % SDS solutions. Defects are indicated with black arrows. 
The modifications were made to the procedure with the silk fractions being stored in 
LiSCN and dialysed just before loading on the gels. In addition, the sample buffer 
was modified by addition of 8M urea, as 8M urea in the presence of SDS has been 
found to improve the resolutions and facilitates dissociation of protein aggregates 
(59-62). 
muni Total Silk H-Fibroin L-Fibroin 
460 k D a — ^ Fv | 
238 kDa—b> 
-27 kDa 
31 kDa—^ \C _j <4— 
17 kDa—^> 
-27 kDa 
Figure 3.5: Molecular weight determination of BM silk and its fractions using SDS-
PAGE analysis 
In total silk fibroin (C4), a sharp band is observed at around 27 kDa (Figure 3.5) and 
a diffuse band (171-460 kDa) corresponding to the heavy and light chain fibroin of 
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total BM silk respectively. In the formic acid insoluble silk fraction (CUD4), only the 
top band appeared suggesting it to be from the heavy chain of BM silk. However the 
width (area) of band was reduced (compared to H-fibroin band in total silk), 
suggesting that some of the degraded silk peptides might have washed away during 
formic acid treatment of silk. The formic acid soluble fraction of silk (CD4), showed 
a complete absence of the top band (indicating that heavy chain is missing) and a 
produced a sharp band exactly in the light chain area of total silk (~27 kDa). These 
results strongly indicated that the soluble fraction is the light chain of BM silk. 
In a previous study (29), sharp bands at 25 and 350 kDa representing heavy and 
light chain of silk fibroin were obtained using silk fibroin directly from silk worm 
glands. These results (Figure 3.5) suggested the the breakdown of silk fibroin 
(reflected in H-fibroin as well) into different size polypeptides is a result of heat 
treatment during processing of silk cocoons. These electrophoresis analyses were 
highly reproducible (for 5 repeats) and clearly demonstrated that the separated 
fractions are the heavy and light chain fibroin of silk. 
3.5.2- Effects of de-gumming methods 
In order to study the effects of different de-gumming methods (described earlier in 
chapter 2), silk of each type was solubilised in the LiSCN at room temperature (no 
heat treatment to de-gummed silk fibroin/fractions) to obtain clear silk solutions. The 
temperature and duration of heating used for de-gumming silk cocoons appeared to 
degrade fibroin into polypeptides of different sizes resulting in smear spreading in 
wide area of gel. Similar effects were observed in case of H-fibroin while little effect 
was observed on L-fibroin degradation (Figure 3.6). 
Total Silk 
M C5 C4 C2 C1 
H-Fibroin L-Fibroin 
CUD1 CUD2 CUD4 CUD5 CD1 CD2 CD4 M 
460 k D a - ^ 
238 k D a — ^ I 
- ^ — 460 kDa 
^ — 238 kDa 
^ — 31 kDa 
^ — 17 kDa 
Figure 3.6: Molecular weight determination of BM silk and its fractions manipulated 
after different de-gumming treatments 
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Most protein degradation was observed in silk solutions derived from de-gumming 
method 1 (2 x 30 minute boiling), the band representing the heavy chain in total silk 
was degraded to produce a continuous smear throughout and almost merge with the 
light chain band (Figure 3.6, C1). There was no distinct band observed for L-fibroin. 
Either it was not cleaved as p-mercaptoethanol was not used in this particular de-
gumming or was degraded as a result of boiling. A sharp band for L-fibroin was 
observed for sample C2 and C4 where p-mercaptoethanol was used and for C5 
where only 10 minutes of heating was used for de-gumming corresponding to the 
heat treatment. These results are very similar to the results reported by Yamada et 
al; (29) and were used to compare the effect of de-gumming methods on silk 
fractions. The heavy chain performed very similar to silk fibroin (Figure 3.6), as it is 
structurally very similar to silk fibroin in amino acid composition (table 3.2 and 3.3). 
However, the width of the bands in general reduced suggesting loss of some broken 
polypeptides during washing of H-fibroin. Similar effects were observed in the case 
of L-fibroin as in CD1, a light protein smear was observed throughout suggesting 
broken peptides as result of heat and the light chain band in the ~ 27 kDa area was 
faint. In the CD4 sample, a sharper clear band for light chain was observed which 
could be related to the comparatively less harsh de-gumming treatment used to 
generate this sample. 
3.5.3- Effects of ionic solutions on silk fibroin 
The effect of ionic solvent on silk fibroin structure and integrity has been studied 
using a standard (method 4) de-gumming method (section 2.1.1). In C4 silk solution 
where no heating was involved and two bands for light and heavy chain were 
observed (Figure 3.7). The excessive break down of silk proteins were observe for 
samples A4 and B4 increasing the width of the protein smear on the gel. 
L C4 B4 A4 
460 kDa 
238 kDa 
31 k D a — ^ ^ - 2 7 kDa 
17 k D a — ^ 
Figure 3.7: Molecular weight determination of BM silk dissolved in three different 
solvent systems. I)- A4 (in CaCI2:EtOH:H20), ii)- B4 (in LiBr), Hi)- C4 (in LiSCN). 
* • * 
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It can be concluded from the discussion above that heating the silk fibroin at any 
stage of processing is crucial and may result in the breakdown of proteins, it also 
invalidated the claim (63) that de-gumming treatment does not affect silk structure. 
In sample C4, silk fibroin was dissolved at room temperate, however breakdown to 
give peptides is seen probably due to fibroin being exposed to high temperatures for 
de-gumming or to remove silkworms by the supplier. The sharp bands representing 
heavy and light fibroin were only obtained when silk fibroin directly from silk gland 
prior to contamination of sericin was used (29). 
In a recent study (52), contrary results were reported where the authors obtained 
sharp bands (suggesting no protein degradation) for heavy and light fibroins using 
silk cocoons even after boiling for 15 minutes for de-gumming and heating at 80 *€ 
to dissolve silk in Ajisawa reagent and claimed to recover intact silk proteins. In that 
particular study, the authors agreed that high extraction temperature degrades silk 
proteins specially H-fibroin, however there was no explanation given about how they 
prevented protein degradation and yet managed to get sharp bands even after 
treating silk at harsh temperatures for processing. As they started from silk cocoons 
(not silk fibroin from silk worm gland), so heat treatments used previously by silk 
worm farmers (e.g. eradication of silk worms by steam, heat drying) must 
theoretically result in silk protein degradation. Yamada et al, (29) reported slight 
degradation using fresh cocoons compared to native silk fibroin and this degradation 
increased depending on the severity and duration of heat treatment. These findings 
suggest that silk proteins are very sensitive and degrade slightly upon conversion of 
silk fibroin to fresh cocoon and may degrade further from fresh cocoons to dry 
cocoons. In contrast, Wadbua et al, (52) heated silk for de-gumming and dissolving 
in ionic solution and still they manage to get sharp bands for light and heavy chain 
silk during SDS-PAGE however no justification has been provided for their divergent 
results. 
There are also divergent results reported regarding the use of lithium thiocynate 
solvent (LiSCN) with either the appearance of two distinct bands corresponding to 
light and heavy chain (29) or with a missing band for heavy chain in a later study by 
Wadbua et al, (52) using similar de-gumming conditions. Wadbua et al, considered 
the absence of the heavy chain band due to incomplete dissolution in a set time. 
However, LiSCN has been used widely (29,64,65) to dissolve silk fibroin and was 
also used in the study presented in this thesis. Initially, results obtained were similar 
to Wadbua et al; (absence of H-fibroin) band Figure 3.8); however this issue was 
resolved by a simple modification in sample buffer (section 2.1.8). 
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Total Silk H-Fibroin L-Fibroin 
M C1 CUD1 CD1 
460 kDa* 
~ 
31 kDa 
Figure 3.8: Molecular weight determination of BM silk and its fractions dissolved in 
LiSCN, absence of H-fibroin band while using un-modified sample buffer and its 
appearance when 8M urea modified buffer used (refer to Figure 3.6 for a clear 
appearance of H-fibroin band) 
Aqueous silk solutions dialysed from LiSCN have a strong tendency to gel rapidly as 
a result of least damage to silk fibroin (29) and need a stronger denaturing sample 
buffer to prevent any folding or aggregation of protein. Modification of sample buffer 
by adding more SDS and 8 M urea denatures silk proteins completely and prevents 
any folding and expression of all silk peptides upon SDS-PAGE analysis (Figure 3.6 
and 3.8). In the absence of the strong protein denaturants, silk proteins especially 
the H-fibroin ended in the formation of inclusion bodies thus not appearing on the 
gel. 
3.6-Summary 
This chapter has described the development of a simple, easy and straightforward 
method of separating well known BM silk fractions. Both fractions have different 
physical and structural properties from each other and silk fibroin and have been 
characterised for molecular weights using the SDS-PAGE analysis. It can be 
concluded from these experiments that the fractions separated as formic acid 
soluble and insoluble are light chain and heavy chain respectively and this method 
can be used on a large scale to derive large amounts of the different silk fractions 
using BM cocoons and does not involve any complex techniques or equipment. Silk 
fibroin is very sensitive to heat and may break down or degrade into smaller 
peptides. The H-fibroin that is structurally (amino acid content) very similar to silk 
fibroin demonstrated a similar degradation behaviour in response to heat applied 
during processing. Additionally, H-fibroin showed a stronger tendency to gel in 
aqueous solutions and needed a modified buffer to denature the protein. 
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There are a wide range of applications of silk fibroin in the biomedical industry 
however there are a very few applications of the silk fractions practically, as their 
separation without degradation of protein always remained a challenging task. For 
example, light chain separated by column chromatography and genetically modified 
has been used recently (56) and been found to be successful in facilitating cartilage 
tissue formation. The structural differences of L-fibroin (less crystallinity, amorphous 
region, different amino acid composition) can be beneficial for certain applications 
compared to silk fibroin, however further work is required to investigate these claims. 
Further work is required for its purification and detailed characterisation before 
practical applications can be developed. 
With the development of this novel method of separating silk fractions, it can be 
hoped that there will be a sharp increase in practical applications of silk fractions in 
the biomedical industry. Additionally, both fractions and silk fibroin can be 
manipulated in different proportions to control the final properties of the silk based 
material more precisely. Another significant benefit is that one fraction (light chain) 
is soluble (up to 33 wt%) in formic acid for electrospinning and can be used to make 
a range of biomaterials without any need for silk regeneration, hence preventing any 
damage to silk protein that might be caused by regeneration procedures (i.e. 
chemicals, heating, freeze dry). The BM silk and separated fractions were used for 
making silica containing nano-composites using two different fabrication routes and 
are discussed in next chapters. 
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Chapter 4 
ELECTROSPINNING FOR 
MATERIAL FABRICATION 
In order to make silk based nano composite materials, two different fabrication 
methods (electrospinning and gelation) were used during this study. Both methods 
produced nanocomposites with entirely different morphology and mechanical 
properties. This chapter describes the fabrication of nano-composite materials 
using the electrospinning technique, effects of post treatment on conformational 
changes of the protein, silicification of electrospun mats and their detailed 
characterisation. 
4.1- Introduction 
Polymer nano-fibres remain an important division of nano-biomaterials due to a wide 
range of applications in biotechnology. The fabrication of nano-fibres has attracted a 
lot of research because of their very high surface area that is desirable for many 
biomedical applications (1). In order to fabricate nano fibres, different techniques 
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have been used for example, phase separation (2-4), nano-fibre seeding (5) 
template synthesis (6,7), self-assembly (8,9) and electrospinning (10-18). Amongst 
all of these techniques, electrospinning is a resourceful technique and has gained 
popularity in recent years (Figure 2.25) due to its crucial benefits such as ability to 
form continuous fibres at a nano and/or micron scale, ease of use and cost 
effectiveness (1). Additionally, electrospinning can be used for making polymer as 
well as composite fibres by blending with additives such as particles, antimicrobials 
or enzymes to get the desired properties (17). 
4.1.1- Advantages of using electrospun nano fibres for biomedical 
applications 
Electrospun fibres are collected in the form of porous non-woven mats in three 
dimensional format (19) that can provide an architecture similar to naturally 
occurring protein fibrils in the extracellular matrix (20,21). Nano-fibres provide high 
surface area to volume ratio exposing more surface area for cellular interaction (19), 
protein absorption and binding sites to cell receptors (22). The adsorbed proteins 
can alter their conformation enhancing further exposure of binding sites that is an 
enormous edge over micro-scale materials available for tissue regeneration (22) 
Nano-fibres can facilitate packing of maximum volume fraction by controlling fibres 
alignment and orientation hence improving the material strength (19). The desired 
scaffold properties such as surface morphology, porosity and geometry can be 
tailored by varying different electrospinning parameters (23) and can be 
functionalized for certain applications, for example, bioactive agents for biomedical 
applications. These unique nano-structure features have made electro-spun fibres 
an excellent candidate for a variety of biomedical applications, e.g. topical or 
intravenous drug delivery, wound dressings and scaffolding materials for tissue 
engineering. 
4.1.2- Limitations of electrospinning 
In the recent years, electrospinning has become increasingly popular however still 
there are many shortcomings of this technique. It can produce limited three 
dimensional structures and cannot be used for making micro-fibres (1). The fibre 
morphology can be altered however not very well controlled and is further 
complicated by the involvement of multiple electrospinning parameters. It has low 
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fibre production efficiency (24) and usually takes many hours to produce a little 
quantity. 
4.1.3- Electrospinning of silk polymers 
Due to the polymeric nature of the natural silk, many researchers 
(10,12,13,15,16,18,25-34) have used this versatile technique for making silk based 
materials for biomedical applications. The procedure of electrospinning and different 
factors affecting the fibre's morphology has been described in section 2.4. The most 
crucial parameters for silk electrospinning are the viscosity of the electrospinning 
dope, voltage supplied, collection plate distance and nature of solvent. For example, 
very low viscosity solutions may result in droplet formation with or without fibres and 
in contrast, highly viscous solutions form thick fibres at relatively higher electric 
potential (35). The optimal levels and effects of some important parameters on 
electrospun silk mats have been studied in this project and are described in section 
2.4. 
Figure 4.1: Schematic presentation of secondary silk motifs. A)- (3-sheet, B)- (3-turn, 
C)- random coil, D)- a-helix [Derived from Hardy et al; 2008] 
In terms of the secondary structure of proteins, the most frequent secondary 
conformations are a-helix, random coil, (3-turn and (3-sheet shown schematically in 
Figure 4.1 (36). 
In natural silk all four conformational types, (random coil, a-helix, (3-sheet and (3-turn) 
are present. The silk fibroin from Bombyx mori silk contains approximately 50 % 13-
sheet making it a semi-crystalline, tough and insoluble material (37) and also plays a 
crucial role in maintaining the mechanical properties of silk based materials (38). 
The relative proportion of silk secondary conformations can be changed during 
different stages of silk processing; with (3-sheet transformation being induced using 
chemical or physical treatments (38-40). 
Despite the fact that silk has been widely used as a biomaterial (14,28,41-44), 
however silk alone has a lack of osteoinductivity and there is a need to add 
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osteoinductive features to enable successful applications with calcified tissues (38). 
Silica and silica based composite materials have been proven to have 
osteoinductive properties (45-48) and can be used to improve the properties of silk 
based materials for dental applications. In this study, silk based electrospun 
materials have been characterised for morphology, composition, conformational 
variations and thermal stability. 
4.2- Materials and methods 
Details of all materials and method for electrospinning are described in chapter 2 
(2.5). Briefly, natural Bombyx mori silk, heavy and light chain silk fractions were 
regenerated as described (2.1.5) and the dried silk was dissolved in 98-100 % 
formic acid at room temperature to get 20 wt. % clear solutions. The flow rate of silk 
solutions was adjusted at 0.9 ml/hour and was electro-spun using a potential 
difference of 25 kV and collected at 10 cm. 
4.2.1- Silicification of electrospun mats 
All electrospun mats were dipped in 30 ml of 90 % v/v ethanol for ten minutes at 
room temperature to induce more insoluble (3-sheet conformation (12). Silicification 
was performed on ethanol treated silk mats as described in the literature (49). Briefly, 
ethanol treated silk mats were treated with 100 mM phosphate buffer at pH 7 (80 
ul/mg) for 30 minutes at room temperature. Hydrolysed tetraethoxysilane (TEOS) 
was added (8 ul/mg) for the silicification to take place at room temperature, followed 
by washing with deionised distilled water to remove buffer and TEOS solutions. All 
silicified silk mats were left overnight in the fume hood to remove solvent. The list of 
all samples is given in table 4.1. 
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4.2.2- Sample nomenclature 
For ease of understanding and explanation, details of different samples, and their 
abbreviations are given in Table 4.1. 
Table 4.1: The description of electrospun silk samples 
Sample 
T 
H 
L 
NL 
H90 
H75 
H50 
H25 
TE 
HE 
LE 
N.LE 
H90E 
H75E 
H50E 
H25E 
TS 
HS 
LS 
N.LS 
H90S 
H75S 
H50S 
H25S 
Stage 1 
Total silk 
H-Chain 
L-Chain 
Natural L-Chain 
90% H-Chain, 10% L-Chain 
75% H-Chain, 25% L-Chain 
50% H-Chain, 50% L-Chain 
25% H-Chain, 75% L-Chain 
Stage 2 
Total silk 
H-Chain 
L-Chain 
Natural L-Chain 
90% H-Chain, 10% L-Chain 
75% H-Chain, 25% L-Chain 
50% H-Chain, 50% L-Chain 
25% H-Chain, 75% L-Chain 
Stage 3 
Total silk 
H-Chain 
L-Chain 
Natural L-Chain 
90% H-Chain, 10% L-Chain 
75% H-Chain, 25% L-Chain 
50% H-Chain, 50% L-Chain 
25% H-Chain, 75% L-Chain 
Electrospinning 
Silk solutions (20 wt %) were spun at room 
temperature using 25kV and collected on a 
target at 10 cm distance. 
Ethanol treatment (E) 
Dipping the silk electro-spun mats in 90 % v/v 
ethanol for 10 minutes at room temperature and 
dried (12) 
Silicification (S) 
Ethanol treated silk mats treated with 100 mM 
phosphate buffer (80 jj€/mg of silk) for 30 
minutes and adding 1 M hydrolysed TEOS (8 
ut/mg silk) allowing 10 minutes for silica to 
condense and 3 water washes and air dried (49) 
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4.2.3- Characterisation 
The morphology of silk mats and the effects of ethanol and silicification treatments 
on the silk mats were studied using scanning electron microscopy (SEM), and 
elemental analysis (EDX) was used to confirm the presence or absence of silica 
(section 2.5.1). Thermogravimetric analysis (TGA) was used to explore the 
temperature related changes and infra-red spectroscopy (ATR_FTIR) for 
conformation changes in silk mats at different stages (section 2.5.2 and 2.5.4). 
4.2.4- Curve fitting for ATR-FTIR spectra 
Due to the nature of the protein backbone and its tendency to fold in complex ways, 
this results in the superimposition of vibrational modes corresponding to different 
structural motifs ((3-sheet, a-helix or random coil). The de-convolution of the amide I 
band (1600-1700 cm"1) can provide a lot more information on the structural motifs of 
proteins and their relative proportions (50). Peak fitting was performed using Thermo 
Grams suite G60 Al spectroscopy software. After baseline correction, six 
constrained peaks were used from 1710-1590 cm"1 with a maximum width of 30 cm"1 
and drift of ± 10 cm"1 with 1000 iterations. 
The peaks falling in the relevant areas of [(3-turn (1710-1680 cm"1), a-helix (1679-
1660 cm"1), random coil (1659-1640 cm"1) and (3-sheet (1639-1605cm"1)] were 
summed to calculate their relative ratios (50-52). An example of original ATR-FTIR 
spectra for electrospun sample and curve fitting for amide I using this method is 
shown in Figure 4.2. 
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Figure 4.2: Handling of FTIR data. A)- FTIR full spectra for electrospun H-chain 
B)- Segmental spectra for H-chain showing amide I and II bands C)- Peak fitting of 
amide I for sample HSE typical of (3-sheet and D)- Peak fitting for sample NL 
typical for random coil conformation. 
-120-
Chapter 4 Electrospinning 
4.3- Results and discussion 
A number of studies (10,12-16,18,25,26,28,30,31,33,53) have been conducted on 
the detailed characterisation of regenerated silk electrospun materials. Natural silk 
fibroin is highly insoluble and has to be regenerated under damaging conditions to 
enable electrospinning. Similarly, very little work is available on electrospinning of 
silk fractions (H-chain and L-chain) and only a couple of research groups (11,54) 
have reported electrospinning of heavy and/or light chain recently. In this study, one 
component of natural Bombyx mori silk (L-chain) has been electrospun without need 
of any kind of regeneration, hence preventing it from any harsh conditions of heat 
and chemical treatments. Theoretically, heat treatment damages the silk proteins by 
breaking down peptides (as discussed in details in chapter 3) hence avoiding heat 
exposure should help to maintain the structural integrity of natural silk. The 
regenerated forms of natural silk and its fractions were also electrospun. 
Furthermore, regenerated silk fractions (H-chain and L-chain) were blended in 
different proportions (table 4.1) to manipulate the solution properties and solid state 
properties of the electrospun materials. The electrospun mats from each sample 
were characterised immediately as spun, after treatment with ethanol to change 
conformation as well as after silicification on them. 
4.3.1- Morphology of electrospun mats 
Scanning electron microscopy is the major tool that has been used extensively to 
explore the surface morphology of electrospun fibres concentrating mainly on their 
size and shape (10,32,55-58). There are a number of factors that can affect the final 
morphology of electrospun fibres (2.4.2) and these were studied in preliminary 
experiments to adjust all parameters in order to get optimal fibre morphology (data 
shown in chapter 2) and average diameter and standard deviation was calculated by 
measuring at least 20 fibres randomly from the SEM image. 
In general, the electrospun materials produced a non-woven mesh of nano fibres in 
the range of 80-330 nm diameter. Besides nano-fibres, bead formation was also 
observed in a few samples (discussed later). The most important parameter that 
affects the fibre morphology is the solution's viscosity (59) and can be related to 
fibre diameter as shown in equation 4.1 (24). 
dan2 (Eq 4.1) 
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Where d is electrospun fibre diameter and n. is the solutions viscosity 
The solution viscosity is directly related to the silk concentration; 
H a [silk] (Eq 4.2) 
Solution viscosity and surface tension also play a crucial role in determining the 
optimal polymer concentration required for continuous fibre formation (55). Similarly, 
silk concentration may indirectly affect fibre morphology by changing the solution 
viscosity as more concentrated solutions generally give higher viscosity (Figure 4.3-
A). Hence, the silk concentration plays a crucial role in producing uniform round 
fibres (60), whereas bead formation is a typical feature of low silk concentration (25). 
A recent study (25) demonstrated that silk concentration should be more than 7.5 
wt%, 10 wt % (10) up to 12 % (60) to get bead free fibres. In order to electrospin 
bead free continuous fibres, concentration of all solutions was fixed to 20 wt %, 
however, still there was difference in the solutions viscosity (Figure 4.3-B) 
depending on the nature of the solution. 
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Figure 4.3: (A)- Effect of solution viscosity of various silk solutions on average fibre 
diameter (B)- Relationship of concentration, viscosity and their effect on electrospun 
fibre diameter for total silk; solution viscosities (red rectangle) of different silk 
solutions and fibre diameter (blue diamonds) 
Electron micrographs of silk materials were compared before and after ethanol 
treatment and after silicification (Figure 4.4). The defective bead formation in 
electrospun fibres has been mentioned in many studies (61-63) and was observed 
for samples from natural L-chain (NL) and regenerated L-chain (L) as shown in 
Figure 4.4 (A1-3 and B1-3). Both silk types produces mainly beads with a few nano-
fibres in the background, however these samples produced the finest fibres with an 
average diameter of 118.966 ± 57.39 nm for L and 123.607 ± 37.83 nm for NL 
(Figure 4.4-A1,2). 
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(A)-Electrospun Mats | (B)-EtOH treated (C)-Silicification 
Figure 4.4: SEM images A)- Electrospun mats as spun, B)-Ethanol treated, C)-Silicified 
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A detailed study (61) on the bead formation described this phenomenon as related 
to the solution parameters mainly surface tension, viscosity, charge density and 
neutralisation. As all electrospinning parameters were fixed however, it was the 
nature of light chain that has probably comparatively less polymer chain 
entanglement than total silk (T) and H-chain (H) due to the structural differences and 
significantly lower Mw (~27 kDa). The structural differences of L-chain and H-chain 
have been described in the previous chapter. All these factors resulted in less 
viscous silk solutions (< 70 cP), lack of polymer chain entanglement and leading to 
collapse of polymer solution and defective bead formation instead of fibres. 
4.3.1.1- Significance of H-chain in combination solutions 
Addition of H-chain in to the regenerated L-chain solutions improved the 
morphology, for example, in sample H25 (75% L-chain and only 25% H-chain), 
showed mainly fibres with only a few beads. Surprisingly, the average fibre 
diameter was 123.404 ± 37.82 nm which is about the same as for NL and slightly 
larger than L with improved fibre size distribution. A further increase in H-chain 
proportion (samples H50, H75 and H90) and pure H-chain (H), resulted in 
continuous smooth fibres without bead formation (Figure 4.4-A.5-7). Average fibre 
diameter was observed to increase with increasing H-chain content, 125.532 ± 
31.48 nm for H50, 157.447 ± 40.70 nm for H75 and increase up to 215.517 ± 
92.45 nm for H90. The thickest fibres were observed for H-chain with an average 
diameter of 258.621 ± 72.13 nm. 
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Figure 4.5: Mean fibre diameter of different electrospun silk fibres before and 
after ethanol post treatment. 
Due to higher Mw (~350 kD) and therefore longer chain length, the addition of H-
chain resulted in more polymer chain entanglement and increased the solution 
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viscosity, hence increasing the thickness of fibres. Average fibre diameter for total 
silk (T) was 176.519 ± 66.22 which corresponds with the diameter from H90 and 
H75 which contain by weight the equivalent proportions of H-chain and L-chain as 
the natural silk. These results suggested that fibre morphology of electrospun silk 
materials can be manipulated by adjusting the relative proportions of the two 
fractions. 
4.3.1.2- Effects of ethanol treatment 
Scanning electron micrographs of ethanol treated silk mats are presented in the 
middle column (B) of Figure 4.4 demonstrating no apparent changes upon ethanol 
treatment. However, in general all samples showed some contraction in nano-fibres 
by shrinking average fibre diameter to some extent (Figure 4.5). There are two main 
factors that have contributed to such changes firstly, the hygroscopic nature of 
ethanol (64) that helped to remove water and contraction on drying and secondly, 
the conformational changes and will be discussed later. The removal of this water 
promotes the formation of (3-sheet structure and a subsequent contraction of the 
fibre diameter. 
4.3.1.3- Effects of silicification 
Scanning electron micrographs of silk mats after silicification are presented in the 
right column (C) of Figure 4 demonstrating gross changes in general morphology of 
fibres as a result of silica deposition. At a low magnification (1000X), they appeared 
as rolled flakes with no visible fibres (Figure 4.4-C7). 
Figure 4.6: EDX spectra for electrospun sample H90. A)- As spun, B)- After 
silicification treatment 
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However at a higher magnification (5000X or more) the silk nano fibres were 
overlaid by silica coating and depositions around them, however fibre impressions 
were visible (Figure 4.4-C3-7). 
"ToOlim ' ' IDDMITI ' ' Tooiim ' ' lOOpm 
Figure 4.7: Elemental analysis of electrospun H-chain sample after silicification. A)-
SEM image at 500X, B)- Map for Aluminium, C)- Map for Carbon, D)- Map for 
Nitrogen, E)- Map for Oxygen and F)- Map for Silicon 
The morphology of silk beads (where applicable) did not appear to be affected by 
silicification and silica deposited mainly around nano fibres (Figure 4.4-C1-2, C8). 
The presence of silica in these samples was confirmed using elemental analysis, a 
barely visible peak representing silicon appeared for all samples before silicification 
(an example spectra for H90E shown in Figure 4.6-A) suggesting a little or no silica 
before silicification but this become prominent for the same sample after silicification 
(H90S) indicating the presence of silica (Figure 4.6-B). Besides silicon and oxygen 
(from silica), other elements observed in the spectra were carbon, nitrogen coming 
mainly from silk and oxygen mainly from silica and silk. The elemental maps for 
sample HS in relation to SEM image (500X) are shown in Figure 4.7 
4.3.2- Conformational changes in electrospun materials 
The secondary conformation of silk protein is directly related to its structure and 
properties, with the (3-sheet content particularly playing an important role in the 
reinforcement of mechanical properties (15) as high tensile strength is attained by 
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maximum (3-sheet content in the final material. In contrast, the electrospun silk 
materials demonstrated amorphous structure mainly having non-(3-sheet 
conformation, limiting their practical applications as a result of high water solubility 
and poor mechanical properties (15). However this problem can be overcome by 
inducing conversion of random coil and a-helixto (3-sheet and increasing crystallinity 
(15). A variety of approaches have been used for conformational changes such as 
use of alcohols (12,65,66), annealing at high temperature (66), stretching (67), 
storage (68) UV radiation (68). Alcohols (methanol, ethanol) cause dehydration and 
encourage conversion of a-helix into (3-sheet structure. 
Infra-red spectra obtained using attenuated total reflectance (ATR) has been 
frequently used (26,69-72) to study silk conformations. The quantitative analysis of 
ATR-FTIR spectra were performed by de-convolution using peak fitting. The 
assigned peaks for (3-turn are 1710-1680 cm1 , for a-helix 1679-1660 cm"1, for 
random coil 1659-1640 cm"1 and for (3-sheet 1639-1605 cm"1 (52). The difference in 
the original FTIR spectra for H-chain silk mat (as spun) and after ethanol treatment 
is shown in Figure 4.8-A. There is clear shift of amide I peak from the area of 
random coil (1650 cm"1) towards (3-sheet areas suggesting the increase in the 13-
sheet contents and this was quantified by peak fitting (Figure 4.2-B). The change in 
the transition takes place as a result of rearrangement of hydrogen bonds and silk 
fibroin chains (73). 
The electrospun silk mats tend to swell up when placed in ethanol providing 
sufficient space for the silk molecules to rearrange and change conformation (74) 
and they then tend to shrink slightly upon drying as seen in the SEM data. The 
change in conformation as a result of such chemical treatment has also been 
observed to affect the porosity and pore sizes of silk electrospun materials (75). A 
methanol treatment for 60 minutes was found to decrease the pore volume from 
76.1% to 68.1% and maximum pore size was shrunk from 220 urn (as spun), to 190 
urn after methanol treatment (75). All these findings strongly suggest that 
electrospun silk materials have a tendency to shrink under such chemical treatment 
and results are consistent with SEM data. 
The quantitative comparison of conformational changes after ethanol treatment is 
shown in Figure 4.9. The conformation of electrospun silk mats appeared mainly 
random coil and a-helix collectively contributing about 32%-73% with comparatively 
less (3-sheet content (20%-38%). As a result of ethanol treatment, a significant 
increase in the (3-sheet content was observed mainly from transition of a-helix and 
(3-turn in to (3-sheet. There was relatively little effect on random coil contents and 
little change in its proportion was observed in each sample (Figure 4.9). 
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Figure 4.8: Comparison of FTIR spectrum for H-chain electrospun mat (H) 
compared for the effect of ethanol treatment (H.E) and silicification treatment (H.S), 
A)- Full FTIR spectra and B)- Amide I and II regions . 
All samples attained (3-sheet contents in a narrow range of 40-50.7% the lowest 
being for sample L.E (40.00%), and highest for sample H.E (50.76 %). All 
combination samples (H90E, H75E, H50E, and H25E) attained (45.61-48.18%) (3-
-128-
Chapter 4 Electrospinning 
sheet content. Another important finding was that a general trend to reduce in (3-turn 
content was observed as a result of ethanol treatment suggesting that longer 13-
sheet (with comparatively few (3-turns) regions are more likely in the ethanol treated 
silk mats. 
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Figure 4.9: Quantitative comparison of secondary conformations in silk different mats 
A)- As spun, B)- After ethanol treatment 
The electrospinning solvent (formic acid) is well known for producing clear stable silk 
solutions and more importantly (3-sheet conformation in silk fibroin upon evaporation 
from cast materials (76,77). However it is not true for electrospun silk materials from 
formic acid as these have significantly lower (3-sheet content than silk films cast from 
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formic acid solutions (Figure 4.10) hence, justification for the importance of post 
treatment to improve silk structure. 
100 I p-turn • a-helix • Random • p-sheet 
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Figure 4.10: Comparison of secondary conformation and effect of ethanol 
treatment A)- Cast films from formic acid B)- Electrospun using formic acid 
The main difference in cast films and electrospun fibres was the 6-sheet content that 
was 45%, 51% and 38% for total, H-chain and L-chain respectively, whereas lower 
6-sheet contents in general for electrospun materials just 20% for total and about 36 
% for L-chain and H-chain were measured. In terms of ethanol treatment, it did not 
make a big difference on silk cast films as a rise in 6-sheet content observed was as 
little as 12.5%, 5 % and 26% for total, H-chain and L-chain respectively. In contrast, 
a 
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Figure 4.11: FTIR spectra for various silk samples after silicification showing an 
additional peak representing Si-O-Si bond, A)- Full FTIR spectra, B)- Relevant 
section 
larger transition into (3-sheet was observed in electrospun silk mats, 52 % in total silk, 
32% for H-chain and 35% for L-chain (Figure 4.10-B). 
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The random coil in the spun mats is due to the quick evaporation of the 
electrospinning solvent formic acid. Silk protein molecules don't get sufficient time to 
rearrange their conformation and solidify immediately (15). The exaggerated effect 
of ethanol on electrospun mats is due to the initial high level of random coil and a-
helix, the high surface area of nano structure (56,78), high porosity (>76%) and pore 
volume 2.017 ml/g (75). High surface area and porosity allow easy access for the 
ethanol. For any format of silk materials described above, H-chain settled showed 
more (3-sheet than any other fraction suggesting the potential for manipulating 
properties of silk materials and these results are consistent with gelation (discussed 
later) and solution properties of H-chain alone. 
The FTIR spectra for silicification samples did not show any changes in the (3-sheet 
conformation of the protein, however the presence of silica was confirmed by the 
appearance of an additional peak representing the asymmetrical stretch of Si-O-Si 
in the area 1100-1060 cm"1 (Figure 4.11). 
The (3-sheet conformation result in the formation of crystalline domains in the silk 
(56,79) of about 40-50 % of natural Bombyx mori silk (37,80) hence producing a 
semi-crystalline structure. Although ethanol treatment of electrospun silk material 
helped to increase the (3-sheet content up to 45-50 % (as much as in natural silk) 
with the co-existence of crystalline and non-crystalline region in the spun materials 
(15). However, mechanical properties of regenerated silk are very poor compared to 
natural silk and this is the biggest hurdle in the use of regenerated silk materials for 
many applications (79). These results suggest that it is not only the conformational 
motifs that affect the properties but certain other factors such as degradation of silk 
proteins during processing are also involved and need further work. A range of 
different approaches already has been attempted to overcome this issue such as 
different processing techniques (81), coagulation with other different polymers 
(57,82-84) and reinforcement with inorganic particles (38,85,86). 
4.3.3-Mechainical Testing 
Considering the importance of mechanical properties as described above, tensile 
testing of electrospun mats was attempted using a method described in chapter 2 
(2.5.5.3). Due to the anisotropic nature of aluminium foil, the results obtained were 
not conclusive (data shown in Figure 2.45 in chapter 2). The separation of 
electrospun materials from the target is the biggest challenge and different methods 
were attempted to separate aluminium foil such as peeling silk mats or dipping in 
liquid nitrogen to benefit from differences in the co-efficient of thermal expansion of 
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silk and metal foil. Unfortunately no method was successful at separating 
electrospun silk from the target. 
A n alternative method of mechanical testing can be the nano-scale testing of single 
fibres however a major problem is again the separation of single fibres and their 
attachment to the testing grips and no reports could be found on such testing (35). 
Another contributing factor in this regard is the non-woven nature of the electrospun 
fibre and it could be really difficult to align more than one fibre in one axis. Generally, 
nano-fibres have been supposed to have better mechanical presentation than micro-
fibres (35). It is evident that poor mechanical properties such as low compressive 
strength and hardness are a huge challenge for the practical applications of 
regenerated silk biomaterials. 
4.3.4- Thermal properties of electrospun silk materials 
In order to study the thermal behaviour of electrospun mats and effects of chemical 
treatments, Thermogravimetric analysis (TGA) were performed. All samples were 
analysed along with aluminium foil and T G A curves are shown in Figure 4.12-A. 
Each samples was heated from 30 ° C up to 600 ° C with incremental increase in 
temperature 10 ° C/minutes and weight loss was calculated. The top most line in 
each chart represents aluminium foil (foil) where no weight loss was observed until 
maximum temperature was attained. 
In relation to weight loss and temperature changes, generally T G A curves for silk 
samples demonstrated four distinct steps, 
I) Initial weight loss of about 6-7 % for temperature of 0-105 ° C cons ide red 
to be the evaporat ion of water in silk. 
II) There is almost no or very little change in residual weight for up to 250 ° 
C mainly from bonded water suggesting the stability of silk in this range. 
III) A sharp decrease in weight (approximately 65 %) from 195 ° C up to 425 
°C suggesting major thermal decomposit ion of silk protein. 
IV) Finally, complete loss of organic matter at a very slow rate between 425 
"C-600 ° C suggesting complete combustion of residual carbon based 
material. 
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The TGA data for electrospun materials is very similar to the thermal analysis of 
Bombyx mori silk cocoons and silk fibres (87), where they found initial weight loss of 
(9% for cocoon and 8.2% for silk fibre) as result of water evaporation followed by a 
sharp decrease in the weight from 150 to 450'C as a result of silk degradation. 
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Figure 4.12: TGA curves for electrospun silk materials A)- As spun, B)- Ethanol 
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However, in this study, initial weight loss as a result of water evaporation was just 6 
% and as less amount of free water is expected in the electrospun materials due to 
their very high surface area. These results suggested that silk is thermally stable up 
to 25CC and silk based materials can be autoclaved without the loss of functional 
integrity (88,89) hence, fulfilling a vital requirement needed for biological 
applications. 
The effects of ethanol treatment on thermal analysis are represented in Figure 4.12-
B. There was a clear difference observed in the initial loss of water content, in 
contrast to the 6% weight loss due to water evaporation from as spun silk mats, only 
2.5% weight loss was observed for ethanol treated samples up to 105 °C followed 
by a slight weight loss until 250 °C and similar pattern of weight loss was observed 
thereafter. This pattern is related to the hygroscopic properties of ethanol and its 
ability to remove water and is also consistent with fibre shrinkage found in SEM and 
conformational changes observed by FTIR analysis. The ethanol treatment (for 10 
minutes) also increased the thermal stability of silk (up to 2CC) due to an increase 
in the crystallinity of silk (77). There were no significant differences observed 
between different ethanol treated samples. As thermal stability is also related to 
crystallinity and (3-sheet content (77) and (3-sheet conformation was increased to 45-
50% for all ethanol treated samples and this was reflected in TGA analysis. 
Annealing of electrospun silk fibres above 28CC may cause degradation and a 
narrow window of temperature (210<C-230'C) is recom mended for annealing to 
prevent degradation (90). 
For silicified samples (Figure 4.12-C), these generally showed water weight loss 
patterns very similar to as spun silk mats (before ethanol treatment) and this is due 
to the fact that silk mats trapped some water during the silicification reaction 
involving aqueous buffer and silica precursor solutions. The presence of inorganic 
content did not change the pattern of silk degradation and followed exactly the same 
trend as observed for ethanol treated silk. The only difference was the amount of 
residue (12-26%) representing inorganic content. The different amounts of residual 
inorganic content was observed for different samples (Figure 4.12-C), the highest for 
H (26.12%) followed by H90 (20.56%), H75 (18.34%), total and L-chain (18-19%) 
and lowest amounts for H50 (13.32%) and H25 (12.22%). These results suggested 
that H-chain tend to retain more silica and residual weight was observed to 
decrease in direct relation to the decreasing proportion of H-chain in samples. In a 
recent study (49), where a similar method was used for the silicification using R5 
based genetically engineered silk chimera films, it observed that 10% silica was left 
after thermal analysis. The results presented here in suggest that silica 
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condensation is affected by the type of polymer/silk used and H-chain, H90 and H75 
electrospun mats condensed significantly more silica. This may be due to different 
amino acid composition of H-chain that contains more hydrophobic domains (91). 
The silica can be entrapped in the hydrophobic segments during the condensation 
process (92) hence more liking of silica for H-chain may be due to the presence of 
more hydrophobic amino acids and more (3-sheet conformation compared to L-chain 
and total silk. 
4.4-Summary 
This chapter has described the characterisation of silk based nanocomposite 
materials fabricated using different silk fractions and their blends in variable 
proportions. H-chain alone produced higher viscosity solutions due to its unique 
structural features compared to L-chain. The blends of both silk fractions enabled 
manipulation of the final properties of the mixture and can be tailored as desired. 
The chemical treatment of electrospun mats with ethanol proved to be a useful 
technique and equally effective in increasing (3-sheet contribution for all silk fractions. 
Ethanol treatment resulted in slight shrinkage of nano-fibres, increase in (3-sheet 
and insolubility of silk with H-chain maintaining the most (3-sheet before and after 
ethanol treatment. 
The silicification reaction condensed silica on electrospun silk mats which was 
confirmed by elemental analysis, FTIR and TGA, however the amount of silica 
condensed was variable with the maximum entrapped by H-chain due to more 
hydrophobic amino acids (primary structure) and more (3-sheet (secondary 
structure). Until now the electrospinning of silk fractions (separated using formic acid) 
has not been reported and no research has been performed on electrospinning of 
blended solutions of silk fractions. In order to improve the solution properties of 
natural silk, it has been blended with a variety of other polymers such as gelatine 
(26), cross linkers such as genipin (16), keratin (43), collagen (93), poly vinyl alcohol 
(84), chimeric silk proteins (94,95) and many other materials (42,96-98). However 
this study has opened a gateway to improve certain properties (viscosity, fibre 
diameter, conformation and strength) by making silk-silk composites and make 
materials with tuneable properties depending on the need of an application. Finally, 
for this first time, it has been possible to electrospun the natural silk (L-chain) 
successfully without the need of regenerating, hence producing silk material with 
better structural integrity. 
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These materials from natural silk (as discussed earlier) showed comparable 
properties to regenerated silk materials and hence hold a great potential for future 
applications, Further work is required for the better understanding of the structure 
and chemical behaviour of silk fractions and to explore the outcome of more silk-silk 
blends specially using natural silk mixed with regenerated silks. 
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CHAPTER 5 
GELATION FOR 
MATERIALS FABRICATION 
Two different fabrication methods (electrospinning and gelation) were used to 
generate silk-silica nano composite materials during this study. This chapter 
describes the fabrication of nano-composite materials through the gelation route, 
conformational changes, silicification of silk hydrogels and their detailed 
characterisation. 
5.1- Introduction 
Hydrogels are three dimensional networks formed by the suspension of 
homopolymer or copolymer in a medium (water in the case of hydrogels) and cross 
linked to form an insoluble matrix (1). The formation of cross linked hydrogels 
structures is a complex process and may involve different kinds of interactions such 
as covalent or ionic chemical bonds, polymer chain entanglement, microcrystalline 
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formation and/or the presence of hydrogen bonding and hydrophobic effects (2). 
Due to structural resemblances to the biological ground matrix and excellent 
biocompatibility (3), hydrogels have been widely used for a variety of biological 
applications including scaffold materials for tissue engineering (4-22), drug delivery 
(15,16,23-33), as barriers to improve healing response for tissues (4,34,35), cell 
encapsulation (36-44) and for certain prostheses for example, contact lenses 
(28,45-50). 
Considering the unique properties of hydrogels, extensive research has been 
performed on both synthetic polymers (5,9,19,35,36,51-53) as well as natural 
polymers such as agarose (18), alginate (40,54-58), chitosan (10,23,54,59-61), 
hyaluronan (14,62-67) , fibrin (68-74), collagen (22,75-77), silk (6,20,41,78-89). Silk 
aqueous solutions can transform in to gels (hydrogels) and the sol-gel transition 
process may be affected by different parameters such as silk concentration, pH, 
temperature and the presence of additives (90). 
In a detailed study of the gelation behaviour of Bombyx mori (BM) silk (90), gelation 
was observed to accelerate by increasing silk concentration, at higher temperature, 
low pH (acidic pH), addition of polyethylene oxide and the presence of calcium ions, 
however addition of potassium ions did not affect gelation time (90). Like other 
hydrogels, the formation of intermolecular and intramolecular interactions including 
hydrophobic interactions and hydrogen bonding results in the gel transition of silk 
solutions (91,92). Thus rise in the temperature and silk fibroin concentration 
increases such interactions and hence accelerates the gelation. During gelation the 
secondary conformation of silk changes from more soluble random coil to more 
insoluble (3-sheet and improves the strength of physical cross links (90). 
The structural differences in the H-chain and L-chain (described earlier) is also 
reflected in the aqueous solutions and their gelling behaviour. Before this study, 
there are no reports on the gelation behaviour of formic acid separated silk fractions. 
In the study described below, aqueous solutions made from variable proportions of 
light and heavy chain and total silk were buffered at a range of pH (3-9) and were 
studied for their gelation behaviour. Silk and silica based nanocomposites were 
fabricated by adding either hydrolysed tetraethoxy silane (TEOS) or pre-condensed 
silica nano-particles into the aqueous silk solutions before gelation. Nanocomposite 
materials formed were characterised for morphology (SEM), elemental composition 
(EDX), protein conformational changes (FTIR), and organic/inorganic composition 
by thermal analysis (TGA) and mechanical properties (compression testing). 
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5.2- Materials and methods 
Details of all materials and methods used for studying the gelation behaviour are 
described in chapter 2 (2.1.3 and 2.3.1). Briefly, natural Bombyx mori silk, heavy 
and light chain silk fractions were regenerated as described (2.1.5) and the 
regenerated aqueous silk solutions were either concentrated up by dialysing against 
polyethylene glycol (PEG) or were diluted by adding deionised distilled water to 
adjust the final silk concentration. 
For the silk gelation studies, a range of different silk solutions were buffered at a 
range of pH using bis-tris propane/citric acid (BT) buffer in 96 well plates. The final 
silk concentration of all solutions was maintained (3 wt %) and turbidity (as an early 
sign for the onset of gelation) was measured at regular intervals for about two weeks. 
In order to make silk and silica composites, either pre-condensed Stober silica 
particles of different sizes (table 5.1), or hydrolysed tetraethoxysilane (TEOS) as the 
silica precursor was added to the aqueous silk solutions (as described in 2.3.1). 
5.2.1- Sample nomenclature 
For ease of understanding and explanation, details of different samples, and their 
naming are given in Table 5.1. 
Table 5.1: The description of gelation silk samples 
Sample 
T 
H 
L 
H90 
H75 
H50 
H25 
H10 
S 
So 
SS! 
ss2 
ss3 
ss4 
ST 
T 
BT 
PP 
Stage 1 
Total silk 
Heavy chain silk 
Light chain silk 
90% H-Chain, 10% L-Chain 
75% H-Chain, 25% L-Chain 
50% H-Chain, 50% L-Chain 
25% H-Chain, 75% L-Chain 
10% H-Chain, 90% L-Chain 
Stage 2 
Total silk 
Stober silica 
Stobeii (11nm) and silk 
Stober2 (29nm) and silk 
Stober3 (64nm) and silk 
Stober4 (159nm) and silk 
Silica from TEOS and silk 
Silica from TEOS 
Bis/tris propane & citric acid buffer 
Phosphate buffer 
Gelation times 
Different silk solutions were dialysed at 
room temperature to get aqueous silk 
solutions of the same final concentration 
and were blended in different proportions 
as mentioned 
Silk-silica composites 
Dialysed total silk solutions were buffered 
at pH 7 using two different buffers and 
were mixed with silica solution (hydrolysed 
TEOS or Stober silica nanoparticles) from 
different sources as mentioned. 
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5.2.2- Characterisation 
The gelation behaviour of different silk solutions was recorded by turbidity 
measurements at 595 nm using a UV-Vis spectrometer (section 2.5.3). The 
morphology of silk nanocomposites and the effects of silicification treatments were 
studied using scanning electron microscopy (SEM), and elemental composition by 
EDX was used to confirm the presence or absence of silica (section 2.5.1). 
Thermogravimetric analysis (TGA) was used to explore the organic-inorganic 
composition and infra-red spectroscopy (ATR-FTIR) for protein conformation 
changes at different stages (section 2.5.2 and 2.5.4). The peak fitting process and 
parameters for deconvolution of FTIR spectra have been described in the chapter 4 
(4.2.4). 
5.3- Results and discussion 
A number of studies have been conducted on the gelation behaviour of silk and silk 
composites (93-97). For the gelation studies, due to high insolubility, natural silk 
needs to be regenerated to prepare aqueous solutions. There is little or no 
published work on the formic acid separated BM silk fractions (L-chain and H-chain) 
that are explored in this study for gelation behaviour, morphology and 
conformational changes. 
5.3.1- Gelation times and effect of pH and ethanol 
In order to fabricate silk based materials through the gelation route, it is crucial to 
control the gelation time in a predictable manner. In order to fabricate material using 
a gelation route, silk solutions should not gel spontaneously so that sufficient time 
can be available for processing of the silk solution well before the start of gelation. 
Similarly, a delay in the gelation of a silk solution can prolong the experimental 
procedures and can also result in undesired outcomes and make the use of the 
gelation route for materials fabrication impractical . In studies of the gelation 
behaviour of silk, it is well known that it can be controlled by parameters such as silk 
concentration, temperature, pH, additives (90) and sonication (41). 
In this study, the gelation behaviour of regenerated solutions of silk fractions and 
their blends in different proportions (table 5.1) was studied at a range of pH and was 
also compared with total silk. As silk gelation is highly dependent on concentration, 
for example, under the comparable conditions, a very high silk concentration can 
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result in spontaneous gelation whereas concentration below 4 wt% can take many 
days to start gelling (91,92), hence concentration of all samples were controlled at 3 
wt% for this study. 
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Figure: 5.1 Turbidity measurements in gelling silk solutions 
A)- Total silk B)- H-chain C)- H90 D)- H75 E)- H50 F)- H25 G)- H10 H)- L-chain 
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In general, gelation was quicker at acidic pH for any solution, and all solutions 
(except total silk) were gelled within 4 days at pH 3 (Figure 5.1). The gelation 
behaviour of silk solutions at a range of pH is shown in table 4.2. 
Table 5.2 
Sample 
H 
H90 
H75 
H50 
H25 
H10 
L 
T 
: Gelation behaviour of different silk solutions. 
•- Gelled • - Not gelled in 2 weeks 
EtOH pH3 pH5 
Day 2 Day 2 Da 
Day 3 Day 3 
ffT 
Day 7 Day 5 
^ff 
pH7 pH9 No buffer 
The H-chain and L-chain ratio was observed to influence the gelation time over a 
wide range of pH and took 2 days and 5 days to gel at pH 3 and 5 respectively 
(Figure 5.1-B). In contrast, L-chain silk solutions were not gelled under any 
condition except at pH 3 (Figure 5.1-H). Similarly, varying H-chain content was 
observed to affect the gelation behaviour on the combination silk solutions (H90, 
H75, H50, H25 and H10) and all gelled in 3-5 days at pH 3 (Figure 5.1-C-G). These 
results were compared with gelation behaviour of no buffer solutions (buffer was 
replaced by the same volume of deionised distilled water) and ethanol (EtOH) 
solutions (buffer was replaced by the same volume of 99.9 % ethanol). As un-
buffered silk solutions had basic pH (7.9-8.8) no signs of gelation were observed in 
any "no buffer" samples. In contrast, EtOH in the samples accelerated the gelation 
in H-chain containing samples and resulted in gelation of these samples within 2 
days (even more rapid than at pH 3). The only exceptions were samples H25 and 
H10 where they took longer due to presence of more proportion of L-chain (75 % 
and 90 % respectively) in these samples. 
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The transition of silk solutions to hydrogels occurs due to changes in the secondary 
conformation from a-helix and random coil to (3-sheet that reduces the solubility of 
silk fibroin in water and encourages the formation of physical cross linking and 
gelation (91,92). The addition of a small amount of ethanol also works on the same 
principle i.e. by increasing the proportion of (3-sheet thus accelerating the gelation 
process (98). The structural difference between (3-sheet, random coil and (3-turn are 
shown schematically in Figure 4.1 and the effect of ethanol treatment on the 
electrospun mats to enhance (3-sheet contents has been discussed in detail in 
chapter 4. 
It is crucial to mention that the diverse gelling behaviour of H-chain may be the 
reflection of primary and secondary structural differences in the H-chain silk. For 
example, the primary structure of H-fibroin is formed by the highly repetitive 
sequence of GAGAGS, GAGAGY and GAGAGVGY amino acids (99-101), that are 
mainly hydrophobic (101) and sufficient hydrophobic interactions finally result in 
hydrogels formation (102). In order to assess this, the secondary structure of natural 
silk and fractions before and after regeneration was studied using ATR-FTIR. The H-
chain in the natural form showed significantly higher amount of (3-sheet (76.7 %) 
than total silk (59.24 %) and L-chain (55.8 %) Figure 5.2-A, however, in regenerated 
silk solutions, H-chain showed slightly more (3-sheet (5.2-B). Another difference is 
the significantly lower amount of (3-turn in H-chain suggesting the presence of longer 
polymer chains that are prone to chain entanglement and hydrophobic interactions 
upon folding and accelerating the aggregation. 
Another critical parameter related to the pH of silk solutions is the isoelectric point 
(pi). Isoelectric point (pi) of a polymer is the pH at which equal numbers of positively 
charged and negatively charged residues exist in the solutions (103). For the p/ of a 
polymer, the electrostatic repulsive forces between residues are minimal due to the 
net balance of negative and positive charge and this accelerates the aggregation of 
proteins (104). 
The isoelectric point for silk fibroin is 3.8-3.9 (91,92,105), hence at a pH around 3 
(very close to the p/ of silk fibroin), the interactions between silk molecules is 
increased by decreasing the repulsive forces giving more potential for (3-sheet 
formation leading to hydrophobic interactions and accelerating the sol-gel transition 
(90). 
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100 
B 
P-turn • a-helix • Random • p-sheet 
100 
Cocoon Silk fibroin L-Chain H-Chain 
I p-turn a-helix • Random • p-sheet 
T(F) H(F) L(F) T(A) H(A) L(A) 
Figure 5.2: Quantitative comparison of secondary conformations in different silk 
materials A) - Natural silk and fractions (H-chain is having significantly more (3-sheet 
B)- Regenerated silk solutions; Air dried (A) compared with freeze dried (F), the 
difference in (3-sheet content is insignificant. 
These results suggested that the acidic pH and addition of ethanol accelerates the 
formation of (3-sheet structure in the silk gelation process and induces the gelation of 
silk solution in 2-4 days even at a very low concentration (3 wt %). As the process of 
silk hydrogel formation has been observed to be affected by a number of other 
contributing factors previously such as increasing the silk concentration (90), 
temperature (90), In order to control the silk gelation process, a strict monitoring of 
all factors affecting gelation is required in further studies to develop functional 
nanocomposites. 
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5.3.2- Morphology of silk hydrogels 
Scanning electron microscopy is the major tool that has been used extensively to 
explore the surface morphology of silk materials (90,106-109). In general, 
lyophilised silk composite materials show a network and sponge like structure 
(Figure 5.3). In contrast to electrospun materials, no fibrous structures were 
observed in these materials. The SEM images of all samples prepared using BT 
buffer are shown in column A and B whereas samples prepared in phosphate buffer 
are shown in column C and D of Figure 5.3. There are no structural differences 
observed in the morphology of materials fabricated using the two different buffer 
systems. 
Similarly, no correlation was observed in the morphology of materials based on 
different types of silica, the only exception was SS4 where Stbber silica particles 
were observed embedded in to the silk matrix at a high magnification (Figure 5.3-
SS4/Band D). 
5.3.3- Silicification of silk hydrogels 
The presence of silica in the silk based composite materials was confirmed by FTIR 
and elemental analysis (EDX). The FTIR spectra produce characteristic absorption 
peaks for Si-O-Si bonds at 800 cm1, for Si-OH vibration at 850-950 cm"1 and for 
asymmetrical stretch of Si-O-Si bond around 1100 cm"1 (110). The FTIR spectrum 
of silk-silica composites (ST, SS^ SS2j SS3 and SS4 in the phosphate buffer) 
produced characteristic absorbance peaks for the symmetrical and asymmetrical 
stretch of Si-O-Si bonds suggesting the presence of silica (Figure 5.4). 
All samples prepared using BT buffer could not be analysed using FTIR due to the 
interference of overlapping peaks coming from the bis-tris propane/citric acid buffer 
compounds (mainly carbonyl bond of citric acid with amide I band of silk); however 
materials from both buffers were compared by EDX elemental analysis (Figure 5.5). 
In Figure 5.5, EDX spectra for sample ST (A/left half), for SS4 (B/right half) and 
elemental maps for carbon (C), oxygen (O), silicon (Si), sodium (Na) and 
phosphorous (P) are shown. In sample SS4, alongside peaks representing C, O and 
N coming from silk, Si and O from silica, prominent peaks for Na and P were 
observed from the phosphate buffer. The spectra for the ST sample differed for Na 
and P peaks that appeared very small corresponding to their absence in the BT 
buffer. The abundance of silica was confirmed in both samples by EDX spectra as 
well as elemental mapping; however considerable difference in distribution of silica 
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in both samples was seen. For ST, where pre-hydrolysed TEOS was used as the 
silica precursor, the condensation of silica appears in certain areas (pointed out by 
red circles on the SEM image) and clearly evident in the elemental maps of Si and O. 
In contrast in SS4 where pre-condensed silica particles were used, a generalised 
and homogeneous distribution of silica was observed (Figure 5.5). 
ST 
SSi 
SS2 
SSa 
SS4 
Silk 
Figure 5.3: SEM image of different lyophilised silk and silk/silica composites 
fabricated using bis-tris propane/citric acid buffer (A and B) and phosphate buffer (C 
and D). 
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B 
900 800 
V\fevenumbers(cm-1) 
Figure 5.4: FTIR spectrum for silk and silica composites fabricated using gelation 
route. A)- Full spectra, B)- Relevant segment. Coloured lines representing; 
(ST), (SSA .(SS2), (SS3), (SS4) 
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Sample ID: ST in tris buffer Sample ID: SS4 in phosphate buffer 
100pm 100pm 
Figure 5.5: EDX spectra for A)- Sample TS in bis-tris propane/citric acid buffer and 
B)- Sample SS4 in phosphate buffer. Elemental maps for carbon (C), oxygen (O), 
silicon (Si), sodium (Na) and phosphorous (P) 
The condensation of silica is a complex process and can be affected by certain 
parameters, such as pH and additives including presence or absence of polyamines 
(111). During the silica condensation process, water molecules are generated and 
quick removal of these water molecules can provide the driving force for the 
condensation (112). Similarly, due to the water repulsion ability of hydrophobic 
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domains present in the silk fibroin these can prevent the silica condensation around 
them. In contrast, Stbber silica is pre-condensed silica particles and was dispersed 
homogeneously in the solutions and not affected by the hydrophobicity of silk 
proteins. 
5.3.4- Conformational analysis 
The mechanical properties of silk based composite materials can be improved by 
enhancing (3-sheet conformation (113) and has been discussed in chapter 4 (4.3.2). 
Infra-red spectra obtained using attenuated total reflectance (ATR) has been 
frequently used (114-118) to study silk conformational changes and the quantitative 
analysis of ATR-FTIR spectra were performed by de-convolution using a peak fitting 
method as described in chapter 4 (4.2.4). 
The secondary conformation was studied for different silk gels dried in two different 
ways; air dried and lyophilised. The air dried silk gels were allowed to dry in air in 
the fume hood at room temperature, whereas in lyophilisation, silk gels were frozen 
using liquid nitrogen and dried in vacuum at -60 °C. In general, air dried silk gels 
produced significantly higher amounts of (3-sheet compared to the corresponding 
freeze dried samples (Figure 5.6-A). 
The (3-sheet content for air dried total, H-chain and light chain silk gels were 50.6 ± 
9.8 %, 57.7 ±11.2 % and 57.4 ±11.1 % respectively and for lyophilised gels, 13-
sheet content was 30.0 ± 5.9 %, 44.0 ± 8.6 % and 29.9 ± 5.8 % correspondingly. 
Another remarkable change was a significant drop in the random coil content 
suggesting that random coil mainly contributed to (3-sheet conversion with alongside 
other conformations. 
There was remarkable shrinkage in silk gels upon air drying with irregular shaped 
pieces being produced, whereas lyophilisation resulted in white spongy granular 
structures showing little overall change in size or dimensions. An X-ray diffraction 
study has shown that more crystallinity is produced upon air drying of silk based 
gels and better strength materials are also obtained (119). It can be suggested that 
air drying is a slow process at room temperature and silk fibroin molecules have 
sufficient time to move and arrange into a more organised (3-sheet structure. 
Alongside an increase in (3-sheet (upon air drying), contraction of silk gels might also 
have contributed to increased physical strength and crystallinity as described by Li 
et al (119). In contrast, during the lyophilisation process, silk gels are frozen and silk 
fibroin molecules cannot reorganise due to lack of molecular movements in the solid 
matrix. 
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Figure 5.6: Quantitative comparison of secondary conformations in different silk gels 
A)- Air dried gels (A) compared with freeze dried (F), where air dried gels showed 
significantly higher (3-sheet content than freeze dried silk gels B)- Effects of ethanol 
treatment on air dried silk gels, no significant differences were observed in protein 
conformation 
As shown above (Figure 5.6-A), the (3-sheet content for air dried silk gels was more 
than 50 % and that is more than (3-sheet content (40-50 %) present in natural BM 
silk (120,121) and surprisingly, that high contents of (3-sheet were attained without 
using any ethanol or annealing treatment of these gels. As ethanol treatment of 
electrospun mats (chapter 4), a significant increase in the (3-sheet content was 
observed mainly from transition of coil and (3-turn to (3-sheet, hence air dried silk 
gels were also treated with ethanol in attempt to increase further the (3-sheet content. 
In contrast to other silk materials (electrospun, films and freeze dried), ethanol 
treatment did not result in any increase in (3-sheet contents; instead a slight 
decrease in (3-sheet was observed (Figure 5.6-B). These results suggest that air 
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drying results in the highest possible (3-sheet content (even more than natural silk) 
and this may represent the full extent of (3-sheet capacity. 
The ATR-FTIR spectra for silk based composite were obtained for conformational 
changes in the presence of silica. However, data from composite materials 
fabricated using BT buffer could not be analysed due to overlapping peaks of buffer 
and silk fibroin. The presence of silica for samples fabricated using phosphate 
buffer was confirmed (Figure 5.4) and data was analysed for conformational 
changes (Figure 5.7). 
100 I p-turn a-helix • Random • p-sheet 
80 
SS1 SS2 SS3 SS4 ST 
Figure 5.7: Quantitative comparison of secondary conformations in silk based 
composite materials. 
In general, there was significantly more (3-sheet content in composite materials (SSi, 
SS2, SS3, SS4and ST) than silk hydrogels (S). The (3-sheet content were 30.02 ± 
6.15 % in silk hydrogels and increased to 40-43 ±8.15 % for silk-Stbber silica 
composites (Figure 5.7) and 34.15 ± 7.0 % for silk-TEOS (ST) composites. As a 
result, a decrease in other conformations was observed particularly a-helix that was 
reduced from 16.6 ± 5.15 % in silk hydrogels to 2.6-6.4 % for silk composite 
materials alongside a slight decrease in (3-turn. Such conformational changes to 
increase (3-sheet content in silk composite are very likely due to the presence of 
high ethanol content in the hydrolysed TEOS solution and Stbber silica suspensions. 
Comparing the TEOS and Stbber based composites, there was slightly less (3-sheet 
content in ST (34.15 ± 7.0 %) with a little bit of extra (3-turn (Figure 5.7), suggesting 
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relatively smaller chain length and weak mechanical properties in ST. In comparison, 
the ethanol treatment of electrospun mats resulted in (3-sheet content as high as 42-
51 % (data shown in chapter 4) that is higher than materials produced by gelation 
(up to 43 %). The unique feature of electrospun materials such as surface area 
(higher than silk films, gels and granules) may facilitate the action of ethanol hence 
increasing (3-sheet content. 
5.3.5- Thermal analysis of silk-silica nanocomposites 
The thermal behaviour of silk-silica composites was studied using 
Thermogravimetric analysis (TGA). The T G A curves for all samples and their 
relevant buffer are expressed in Figure 5.8. Similar to electrospun samples, the 
weight loss and temperature changes, for gelation silk samples can be 
demonstrated to occure in four distinct steps, 
I) Initial weight loss of about 6-7 % for temperature of 0-150 ° C cons ide red 
to be the evaporation of water. 
II) There is almost no or very little change in residual weight for up to 190 ° 
C suggesting the stability of silk in this range. 
III) A sharp decrease in weight from 195 ° C to around 450 °C suggesting 
major thermal decomposit ion of silk protein. 
IV) Finally, complete removal of residual carbon at a very slow rate between 
576 "C-700 ' C . 
The T G A data for silk alone and buffered silk (S and S+buffer) is very similar to the 
thermal analysis of Bombyx mori silk cocoons and silk fibres (Figure 5.8), where 
others have found initial weight loss of (9% for cocoon and 8.2% for silk fibre) as 
result of water evaporation followed by a sharp decrease in the weight from 150 to 
4 5 C C as a result of silk degradation (122). 
In S+buffer samples, there was complete combustion with slight delay in the BT 
buffer due to organic nature of BT whereas residual weight of 13 % consists of 
sodium phosphate which remained from the phosphate buffered samples. Due to 
the difference in the nature of both buffers, a change in the residual weight of both 
buffers is clearly evident in all samples (Figure 5.8-A and B). For silk composites, 3-
6 % weight loss was observed (water loss) to 2 5 C C suggesting these materials are 
stable to these temperatures and silk based materials can be autoclaved without the 
loss of primary structure (123,124) hence, fulfilling a vital requirement needed for 
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biological applications. For both buffers, SSi (the smallest Stbber silica particles) 
showed the most weight loss compared to all composite samples. Due to the unique 
properties of nano particles such as high surface area and high surface energy, they 
entrapped most organic matrix and water resulting in more weight loss. In 
phosphate buffer (Figure 5.8-B), there is clear trend of increasing residual weight by 
increasing the particle size with the most residual weight being for TEOS silica 
sample (ST). 
-*- S -»- S+buffer - * - ST - * - SS1 - * • SS2 — SS3 - * - SS4 
B 
150 300 450 600 
Temperature CC) 
750 900 
-»-S -e-S+buffer • * -ST -*-SS1 SS2 SS3-*-SS4 
» ' " »M If 
150 300 450 600 
Temperature ("C) 
750 900 
Figure 5.8: TGA curves for gelation silk composite materials A)- In bis-tris 
propane/citric acid buffer (BT), B)- In phosphate buffer 
For samples in BT buffer (Figure 5.8-A), S and S+buffer were completely combusted 
suggesting no inorganic contents. In silk composite samples, the amount of residual 
weight representing inorganic content was 26 % for ST, and 8-17 % for silk-Stbber 
silica composites. For samples in phosphate buffer (Figure 5.8-B), the presence of 
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inorganic buffer contributed towards residual weight by increasing up to 66-69 % for 
ST, SS3 and SS4 followed by 52 % and 36 % for SS2 and SS1 respectively. This 
difference in inorganic contents is due to differences in the silica sources of TEOS 
and Stbber silica. Stbber silica is pre condensed silica particles and least likely to 
undergo any changes while mixed or suspended physically with gelling silk solutions, 
whereas hydrolysed TEOS condenses silica in the presence of silk fibroin and the 
presence of hydrophobic domains from silk specially from H-chain which can assist 
the silica condensation (125) and condensing silica can also be entrapped in the 
hydrophobic segments during the condensation process (112). This is a vital 
relationship of hydrophobic domains of silk fibroin that affects silica condensation 
from silica precursors such as TEOS as uneven condensation of TEOS silica within 
the sample was demonstrated by EDX, however this process was unlikely to 
influence pre-condensed silica as in case of Stbber particles. 
5.3.6- Mechanical testing 
For development of new materials, it is crucial that they have the strength to 
withstand and tolerate stresses for the intended application. Mechanical testing can 
be helpful to predict a material's behaviour to forces. For dentin tissue engineering, 
the scaffold material should be strong enough to support growing odontoblast 
process. For this purpose, nano composite materials were prepared in 96 well plates 
using the method described in chapter 2 (2.3.1.1) and were analysed by 
compression testing as described in 2.5.5.4. Briefly, different variables used are 
listed below. 
• Silk contents (0-5 %) 
• Silica contents (0-6 mg) 
• Silica source (TEOS or Stbber particles) and silica particle size as well in 
case of Stbber silica 
• Bis-tris propane and phosphate buffer at pH 7 
The initial concentration of dialysed silk solution was 7.5 wt % however the final silk 
concentration in composite hydrogels was reduced (0-5 wt %) after addition of buffer 
and silica solution. The final silk concentration and their corresponding masses in 
the dried composite samples are presented in table 5.3. 
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Table 5.3: Final concentration of silk and corresponding silk weight 
[Silk] % 
Silk(mg) 
0 
0 
1 
3.75 
1.5 
5.62 
2 
7.50 
3 
11.24 
4 
15 
4.5 
16.88 
5 
19.12 
Silk regeneration results in loss of its excellent mechanical properties and presents 
a major problem in their practical applications (126). The purpose of silica addition 
was to manipulate the final mechanical properties of the composite materials. 
% ( C
*f> 1 5 o o Silk (%) 
B 
1.5 2 3 
Silk (%) 
Figure 5.9: Compressive strengths of silk composites based on TEOS condensed 
silica; A) - In bis-tris propane citric acid buffer B) - In phosphate buffer 
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In general, all silk composite materials presented a very low compressive strength 
(Figure 5.8 and 5.9) for the range of silk concentration used, regardless of buffer. 
The compressive strength of silk and TEOS condensed silica are compared in two 
different buffer systems (Figure 5.9). All materials had a very low strength with a 
compressive strength (ac) of 0.2 to 0.4 MPa for the highest silk samples (4-5 %) and 
even lower compressive strength (ac) for low silk concentration samples. These 
findings are very similar to a previous study (90) where they found very low 
compressive strength (ac) for up to 4 % silk solutions however ac was observed to 
increase more than 2.5 MPa for 16 wt % samples. The improved strength of silk 
materials is due to reduced pore size with increase in concentration (90). The 
smaller pore size can resist the stress concentration better and distribute stresses in 
the materials more consistently and plays a vital role in preventing the crack 
propagation through the material (90). 
The addition of silica using hydrolysed TEOS played its role by improving the ac of 
silk composites (for all silk concentrations) to some extent (Figure 5.9). The ac of 
composites was improved further by increasing the amount of silica, with maximum 
acof 0.6 to 0.75 MPa for sample with 5 % (19.12 mg) silk and 6 mg silica. All 
samples prepared using bis-tris propane/citric acid buffer (BT) generally showed 
clearly better acthan samples prepared using phosphate buffer (Figure 5.9 A and B). 
This difference seems to be due to the organic nature of BT buffer giving more 
flexibility to the final material whereas the inorganic nature of phosphate buffer made 
samples more brittle. These trends suggested that ac silk composites can be 
improved/increased by addition of silica and can further be improved by increasing 
the proportion of silica and silk. 
The effects of pre-condensed Stbber silica nanoparticles on the ac of silk 
composites are described in Figure 5.10. There are similar results in terms of silk 
concentration and silica contents as described above for TEOS silica (Figure 5.9), 
i.e. ac was observed to improve by increasing silk and/or silica contents. In case of 
Stbber silica nanoparticles, different buffers did not seem to affect the strength of 
these materials, as Stbber silica is in the form of pre-condensed particles and 
distributes evenly throughout the gelling silk matrix. 
However, composites with Stbber silica nanoparticles had significantly better ac 
compared to corresponding samples of TEOS silica (Figure 5.10, data shown for 
sample SS3). An addition of just 3 mg improved the compressive strength of 2 % silk 
solutions up to 0.5 to 0.62 MPa and further increased to more than 1 MPa for 4 % 
silk samples and more than 1.5 MPa for 5 % silk samples. The compressive 
strength of TEOS silica materials remain below 0.75 MPa even upon addition of 6 
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mg (double the amount of Stbber silica), suggesting that Stbber silica can improve 
mechanical properties better that TEOS. 
B 
0.2 o 
Silk (%) 
Figure 5.10: Compressive strengths of silk composites based on Stbber silica 
nanoparticles; A) - In bis-tris propane citric acid buffer B) - In phosphate buffer 
This difference in the compressive strength may be due to the fact that Stbber silica 
is suspended particles that distribute uniformly in the silk matrix and absorbed 
applying forces better hence preventing the stress concentration and crack 
propagation. In contrast, TEOS silica is condensed in the silk matrix and can be 
influenced by the surrounding matrix such as hydrophobic domains present in the 
silk fibroin. Such hydrophobic domains have more affinity for silica condensation and 
-164-
Chapter 5 Gelation 
can assist silica condensation around them (112). The localised deposition of silica 
condensation was observed by EDX analysis (Figure 5.5) that can facilitate the 
stress concentration in the matrix around inorganic silica, crack propagation and 
failure of the composite materials. In addition, ethanol is produced as by product 
during silica condensation from hydrolysed TEOS (110) and removal of this ethanol 
during the drying process can further weaken the materials. All these factors 
contributed towards the relatively low compressive strength of composite materials 
from TEOS condensed silica. 
It is worth mentioning another important contributing factor, the final density of the 
materials that was dependent on the mass of silk and silica in each sample. In order 
to calculate the density of each sample, the volume of a well of 96 well plate and 
materials density was calculated. 
Volume of a well (v) = 3.14 x (0.0033 m)2 x (0.0106 m) 
= 3.8 m"3 or 0.38 cm"3 
Material density = M/v (Eq 
5.1) 
Where 'M' is total mass of the material 
The density of silk-silica composites was dependent on total mass of silk, silica and 
buffer in the sample and was calculated to be between 0-0.1 mg/ml that is very low 
compared to solid materials. Density of silk composite was found to be directly 
related to the compressive strength (Figure 5.11). The increase in density either by 
increasing silica content (Figure 5.11-A) or by increasing silk content (Figure 5.11-B) 
can increase the compressive strength in both buffers using either silica source. 
The compressive strength was as low as 0.2 MPa or lower at a density of 0.031 g/ml 
and increased up to 1.6 MPa for denser (0.082 g/ml or more) materials. Silk has 
comparatively enhanced role in improving mechanical strength by increasing density. 
In a comparison at fixed material density of 0.082 g/ml, Figure 5.11-A, where density 
was increased using silica (fixed silk contents of 19.12 mg) resulted in lower 
compressive strength as shown in Figure 5.11-B where density was increased using 
silk (fixed silica content of 3mg per sample). In addition, Stbber silica containing 
composites have significantly higher compressive strength for a whole range of 
density in both buffering systems. 
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Figure 5.11: The relationship between material density and compressive strength; 
A) - At fixed silk content (19.12 mg), B) - At fixed silica content (3 mg). 
It is evident from the discussion above that the mechanical properties of silk based 
composites is dependent on multiple factors such as materials density as a function 
of silk and silica contents, source of silica and distribution pattern. Although the size 
of Stbber silica particles analysed in this study (11 nm - 159 nm) did not have any 
significant effect on compressive strength, the Stbber silica particles (any size) 
produced significantly stronger composite materials compared to TEOS generated 
silica. 
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5.4-Summary 
This chapter has described the characterisation of silk based nanocomposite 
materials fabricated using different combinations of silk and silica through the 
gelation route. Regenerated BM silk and its fractions were blends in variable 
proportions and were studied for gelation time over a range of pH. The H-chain, due 
to the difference in the primary and secondary structure was demonstrated to gel 
faster compared to other samples. The primary structure of H-fibroin is a highly 
repetitive sequence of mainly hydrophobic amino acids GAGAGS, GAGAGY and 
GAGAGVGY (99-101) and these hydrophobic interactions finally result in hydrogel 
formation (102). The isoelectric point (pi) is also a crucial factor for controlling 
gelation as silk fibroin solution has a tendency to gel quickly at a pH around the 
isoelectric point (pi). 
Silk composite materials demonstrated a sponge like network structure and no 
specific morphological structural differences were observed in different samples. 
EDX and FTIR analysis confirmed the presence and distribution pattern of silica in 
composite materials. The Stbber silica particles appeared to distribute evenly in the 
silk matrix whereas TEOS condensed the silica in certain area derived by 
hydrophobic domain in of silk proteins. The mechanical properties of silk and silk 
composites were improved by increasing the silk concentration (contents) and 
increasing the material's density driven either by silk and/or silica. The Stbber silica 
particles were more efficient in improving mechanical properties compared to TEOS 
generated silica. 
With the aim of improving the physical and mechanical properties of silk based 
composite materials, several studies have been conducted in recent years (127-
135), though there are still some major obstacles in the practical application of silk 
composites such as fragility and poor mechanical properties (126). This study has 
opened a gateway to improve certain properties (gelation, secondary conformation 
and strength) of silk-silica composites improved and understanding of how to control 
the parameters to make materials with modulated final properties depending on the 
need of an application. 
These composite materials made through the gelation route demonstrated better 
mechanical properties than silk hydrogels alone at a comparable concentration 
studied previously (90) and hence hold a great potential for future applications. 
Further work is required for the better understanding of the structure and gelation 
behaviour of silk fractions and the complex interaction of different factors affecting it. 
Still there is an intense need of improving the strength of these materials and can be 
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further extended to fabricate more dense materials by compacting more silk and/or 
silica and controlling morphological features such as porosity and pore size. The 
process of air drying for silk hydrogels produced compact materials however gross 
and uncontrolled shrinkage is the major concern in this process. The air dried gels 
also demonstrated the most (3-sheet content of any sample, however further work is 
required to understand and control the shrinkage of such materials in a predictable 
manner and to improve strength potentially to drag the practical applications of silk 
materials even closer in future. 
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GENERAL 
DISCUSSION, 
CONCLUSIONS AND 
FUTURE WORK 
This was an interdisciplinary research project involving studies of natural silk and 
silica based nanocomposites, their fabrication and characterisation aiming at an 
outcome for dental tissue engineering applications. This chapter describes the 
general discussion, conclusions and future prospects for this research project. 
6.1- Discussion and conclusions 
6.1.1- Bombyx mori silk fractions and biochemistry 
In this study, natural Bombyx mori silk was explored to develop a new simple, 
convenient and practical method of separating well known components of silk fibroin; 
heavy chain and light chain fibroin. Silk fractions were separated as formic acid 
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soluble (light chain) and insoluble (heavy chain) using a simple filtration method. 
The novelty of this method is that it can be used on a large scale to derive large 
amounts of the different silk fractions from BM cocoons and does not involve any 
complex techniques or equipment. Silk fractions attached to each other by 
disulphide (covalent) bonds (1) can be isolated within a couple of hours using this 
method and can be simply air dried for further research. 
The molecular weight of isolated silk fractions has been characterised using SDS-
PAGE analysis, confirming them to be heavy and light chain components of BM silk. 
H-fibroin due to the presence of mainly hydrophobic domains (2) showed a stronger 
tendency to gel in aqueous solutions and needed a modified buffer to denature the 
protein for biochemical studies. Silk fibroin is very sensitive to heat and may break 
down or degrade into smaller peptides (3). The H-fibroin that is structurally (amino 
acid content) very different from light chain (1) being very similar to silk fibroin 
demonstrated a similar degradation behaviour in response to heat applied during 
processing. In certain studies (4), where excessive heat (2-12 hours at 90 °C) was 
used for de-gumming and dissolving in ionic solution resulted in with a silk solution 
which is mixture of broken down proteins of different sizes (8-200 kDa). 
Silk and silk fractions are proteins and to avoid any degradation, exposure to heat at 
any processing stage (de-gumming and/or dissolving in ionic solutions) must be 
limited as much as possible. Excessive degradation of silk protein also weakens 
their tendency to gel (3) hence may affect the final properties of materials fabricated 
through the gelation route. Similarly, LiSCN-silk solutions (as very little heat 
treatment given) showed a strong tendency to gel due to the presence of 
comparatively intact fibroin. Another significant benefit of the formic acid separation 
is that one fraction (light chain) is soluble and stable in ionic solutions (up to 20 wt %) 
without heating and is also soluble in formic acid (up to 33 wt%), can be used to 
make a range of biomaterials without any need for silk regeneration, hence 
preventing any damage to silk protein that might be caused by regeneration 
procedures (i.e. chemicals, heating, freeze dry). 
The separation of these silk fractions without degradation always remained a 
challenging task and limited the practical applications of them. In contrast, total silk 
has been used widely for a range of biomedical application. However this study has 
solved the dilemma of separating silk fractions and opens the gateway for active 
research and applications of these fractions. The structural differences of L-chain 
(less crystallinity, amorphous region, different amino acid composition) can be 
beneficial for certain applications compared to natural silk fibroin. For example, light 
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chain separated by column chromatography and genetically modified has been used 
recently (5) and been found to be successful in facilitating cartilage tissue formation. 
Similarly, structural features of H-chain (crystalUnity, hydrophobicity) can be 
beneficial for certain applications where higher crystallinity or more (3-sheet 
secondary conformation is desired. 
6.1.2- Electrospun silk nanocomposites 
The morphology of electrospun silk materials was studied using SEM and produced 
a non woven mesh of nano fibres in the range of 80-330 nm diameter depending on 
the silk type. The most important parameter that affects the fibre morphology is the 
solution's viscosity (6) which can be related to fibre diameter. A very low viscosity 
(80 cP or less) of silk solutions resulted in droplets or bead formation alongside 
nano-fibres. In order to produce continuous smooth fibres, the silk solution should 
be viscous enough (more than 80 cP) to overcome surface tension. At a 
comparable concentration, H-chain produced higher viscosity solutions due to its 
unique structural features compared to L-chain and total silk and produced thickest 
fibres (258 ± 72 nm) followed by total silk 176 ± 66 nm). However, light chain silk 
(both in regenerated and natural forms) produced the thinnest fibres (123 ± 37nm) 
alongside bead formation. This bead formation can be controlled by increasing the 
viscosity of the solution (7). 
Very little work is available on electrospinning of silk fractions (H-chain and L-chain) 
and only a couple of research groups (5,8) have reported electrospinning of heavy 
and/or light chain recently. In the current study, one component of natural Bombyx 
mori silk (L-chain) has been electrospun without need of any kind of regeneration, 
hence preventing it from any harsh conditions of heat and chemical treatments, 
enabling one to maintain the structural integrity of natural silk. The regenerated 
forms of natural silk, H-chain and blends of both silk fractions were also electrospun. 
These blended solutions enabled manipulation of the final properties of the mixture 
to control the fibre formation. 
The electrospun mats from each sample were characterised for secondary 
conformation of silk immediately as spun, after treatment with ethanol as well as 
after silicification of them. The treatment of electrospun mats with ethanol proved to 
be a useful technique and equally effective in increasing (3-sheet contribution for all 
silk fractions. In general, ethanol treatment resulted in slight shrinkage of nano-fibres 
(as compared by SEM before and after ethanol treatment), increase in (3-sheet 
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content and insolubility of silk with H-chain maintaining the most (3-sheet before and 
after ethanol treatment. 
The silicification reaction condensed silica on to the electrospun silk mats which was 
confirmed by elemental analysis, FTIR and TGA. The FTIR spectra confirmed the 
presence of silica by the appearance of an additional peak representing the 
asymmetrical stretch of Si-O-Si in the area 1100-1060 cm"1. 
The amount of silica condensed on the surface of electrospun silk mats was variable 
depending on the type of silk, with the maximum entrapped by H-chain possibly due 
to the presence of more hydrophobic amino acids (primary structure) and more 13-
sheet (secondary structure). The ethanol treatment (for 10 minutes) also increased 
the thermal stability of silk (up to 2CC) due to a n increase in (3-sheet content and 
the crystallinity of silk (9). There were no significant differences observed between 
different ethanol treated samples. 
In order to improve the solution properties of natural silk, it has been blended with a 
variety of other polymers such as gelatine (10), cross linkers such as genipin (11), 
keratin (12), collagen (13), poly vinyl alcohol (14), chimeric silk proteins (15-17) and 
many other materials (18-21). However this study has opened a gateway to improve 
certain properties (viscosity, fibre diameter, conformation and strength) by making 
silk-silk composites and make materials with tuneable properties depending on the 
need of an application. 
6.1.3- Gelation studies 
Aqueous solutions from regenerated BM silk and its fractions were blended in 
variable proportions and were studied for gelation time over a range of pH (pH 3- pH 
9). In general, silk solutions have a tendency to gel rapidly at acidic pH and none of 
the silk solutions was gelled at neutral or basic pH during the period of study. In pH 
related control of gelation times, the isoelectric point (pi) is a crucial factor. The silk 
fibroin protein similar to other protein solutions has a tendency to gel quickly at a pH 
around the isoelectric point (pi). The isoelectric point for silk fibroin is 3.8-3.9 (22-24), 
hence at a pH around 3 (very close to the p/ of silk fibroin), the interactions between 
silk molecules is increased by decreasing the repulsive forces and more potential for 
insoluble (3-sheet formation leading to hydrophobic interactions and accelerating the 
sol-gel transition (25). 
The structural differences between different silk types also affect the gelation times, 
H-chain due to the difference in the primary and secondary structural demonstrated 
to gel faster compared to other samples. The primary structure of H-fibroin is highly 
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repetitive sequence of mainly hydrophobic amino acids GAGAGS, GAGAGY and 
GAGAGVGY (2,26,27) and these hydrophobic interactions finally result in hydrogel 
formation quicker than other samples (28). Such performance of H-chain was also 
reflected in blend solution and gelation time was decrease depending on the 
proportion of L-chain added to each sample. Addition of ethanol also observed to 
enhance the gelation in H-chain containing silk samples at a range of pH. The 
addition of a small amount of ethanol increases the proportion of (3-sheet content 
thus accelerating the gelation process (29). 
The gelation route was used to fabricate silk-silica composites and these were 
characterised for morphology, composition, protein secondary conformation and 
mechanical properties. Silk composite materials demonstrated a sponge-like 
network structure and no specific structural differences were observed in different 
samples morphologically. The EDX and FTIR analysis confirmed the presence and 
distribution pattern of silica presence in composite material. In secondary 
conformation studies, the natural form of H-chain has the most (3-sheet contents 
(76.7 %), significantly higher than any other format of silk. The (3-sheet contents in 
silk materials were reduced as a result of regeneration and can be re-attained by 
ethanol treatment. Generally, silk hydrogels contained more (3-sheet than solutions 
and air dried samples contained more (3-sheet than freeze dried materials. Ethanol 
treatment resulted in more (3-sheet in freeze dried silks and films. However, air dried 
silk hydrogels had the highest (3-sheet content (more than 57 %) without ethanol 
treatment and no more increase was observed after ethanol treatment. However the 
control of the volumetric shrinkage was challenging in this process. 
The mechanical properties of silk and silk composites were improved by increasing 
the silk concentration (contents) and increasing the material's density driven either 
by silk and/or silica. The Stbber silica particles came out to be more efficient in 
improving the mechanical properties compared to the TEOS silica. The Stbber silica 
particles appeared to distribute evenly in the silk matrix whereas TEOS condensed 
the silica in certain areas derived by hydrophobic domain in of silk proteins. This 
even distribution of inorganic silica particles absorb stresses better and prevent any 
stress concentration and crack propagation, increasing the overall strength of the 
material. In contrast, TEOS samples where there was uneven distribution of silica in 
silk matrix resulting wider zone of silk only in samples hence giving lower 
compression strength. 
With the aim of improving the physical and mechanical properties of silk based 
composite materials, several studies have been conducted in recent years (16,30-
38), though there are still some major obstacles in the practical application of silk 
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composites such as fragility and poor mechanical properties (39). The composite 
materials made through a gelation route in this study demonstrated better 
mechanical properties than silk hydrogels alone at a comparable concentration 
studied previously (25) and hence hold a great potential for future applications. 
6.2- Future work 
Extensive research has been performed on silk in the recent years, however still 
there are major obstacles (such as poor strength, difficulty in controlling final 
properties) in the biomedical applications of silk practically and more effort is needed 
to overcome these shortcomings. 
6.2.1- Bombyx mori silk fractions 
As a result of development of the method for separating Bombyx mori silk fractions 
(heavy and light chain) and are an open area of investigation for researchers 
interested in silk biochemistry, biomaterials, dental materials, tissue engineering and 
genetic engineering. There is a great potential for rapid increase in the biological 
applications of silk fractions however further work is required for its purification and 
detailed characterisation. Additionally, both fractions and silk fibroin can be 
manipulated by varying their ratios to control the final properties of the silk based 
material more precisely. Chemical modification and functionalization of heavy and 
light chain can be performed to target certain benefits in the final biomaterial. 
In a recent study (16), novel nanocomposites were prepared using spider silk—R5 
fusion proteins and biomimetic techniques. These fusion proteins prepared using 
genetic engineering techniques consisted of two components. One component of 
this fusion protein is the self assembling domain based on the repeat consensus of 
spider dragline silk, responsible for the formation of highly stable (3-sheet formation 
and excellent mechanical properties. The second part of the fusion protein is the R5 
peptide isolated from the silaffin protein of diatom (Cylindrotheca fusiformis), as a 19 
amino acid unit (SSKKSGSYSGSKGSKRRIL) that has been shown to induce and 
regulate silica precipitation under ambient conditions (40). This fusion protein has 
been used in the production of nanocomposite materials containing silica particles 
with a narrow distribution range (0.5-2 urn). However the production of such 
chimeric proteins is very tough and complicated procedure. In contrast, silk can be 
produced easily compared to spider silk or genetic engineering and can be 
compared for such kind of outcome for making nanocomposites using biomimetic 
techniques. 
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6.2.2- Electrospun silk nanocomposites 
Future work should be focused on the better understanding of the structure and 
chemical behaviour of silk fractions and to explore the outcome of more silk-silk 
blends specially using natural silk mixed with regenerated silks. Until now the 
electrospinning of silk fractions (separated using formic acid) has not been reported 
and no research has been performed on electrospinning of blended solutions of silk 
fractions. Similarly, these fractions can be blended with regenerated natural silk and 
their impact on the final material characterisation can be helpful in designing new 
biomaterials. 
Mechanical properties play a vital role for developing new biomaterials and 
mechanical testing can provide information about how efficiently a material will 
perform mechanically in vivo for a potential application. A number of methods for the 
mechanical testing of electrospun silk mats have been attempted with little or no 
outcome. Further work is required to test electrospun materials mechanically either 
for non woven silk mats or for single nano-fibres. The separation of the silk mat from 
the target or separation and attachment of single fibre to the mechanical tester is a 
challenging task (41). In the recent years, many researchers have focused on three 
dimensional electrospinning (42-44) which may be equally beneficial for giving 
support to odontoblast processes for dentin tissue engineering. Additionally, three 
dimensional electrospun materials can be characterised easily for mechanical 
features such as compression or shear strength. 
Spider silk and R5 chimeric proteins could not be used in this project due to 
insufficient quantity, however it will be interesting to compare such chimeric proteins 
for silica condensation with chemically modified silk fractions particularly H-chain 
that is rich is hydrophobic domains. In contrast, L-chain that has exhibited entirely 
different properties due to its unique structure such as more hydrophilic, more water 
uptake and rapid degradation (8) and by chemical modification of L-chain it is 
expected to produce different properties in nanocomposite materials. 
6.2.3- Gelation studies 
Further work is required for the better understanding of the structure and gelation 
behaviour of silk fractions and the complex interaction of different factors affecting it. 
Still there is an intense need to improve the strength of these materials with further 
extension to fabricate more dense materials, compacting more silk and/or silica and 
controlling morphological features such as porosity and pore size. The process of air 
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drying for silk hydrogels produced compact materials however gross and 
uncontrolled shrinkage is the major concern in this process. The air dried gels also 
demonstrated the most (3-sheet content compared with any other sample, however 
further work is required to understand and control the shrinkage of these materials in 
a predictable manner such as supercritical drying and to improve strength potentially 
to drag the practical applications of silk materials even closer in future. 
The mechanical properties (a big obstacle in the practical application of silk 
biomaterials) improved by additions of silica to total silk, however replacing total silk 
with H-chain or different blends can further improve the mechanical properties. In 
the current study, it has been proven that the density of the silk-silica 
nanocomposites is very important and compressive strength can be improved by 
fabricating more dense materials. However a density of nanocomposites in this 
study was very low (no more than 0.1 g/ml) so there is a need of development of a 
method for making denser and compact composite materials to control porosity 
thereby improving their strength. Although H-chain and L-chain has a wide future in 
biomaterials, however for practical applications, a lot of research is required for their 
detailed characterisation and interaction studies within the biological environment. 
6.3- Final comments 
This study has opened a gateway for researchers interested in silk, natural polymers, 
materials science, biomaterials, dental materials, genetic engineering, mineral-
peptide interactions, tissue engineering, drug delivery and nano-materials to explore 
the silk fractions for extensive research. The information obtained in the present 
study is important for future investigations of silk fractions and will have potential in a 
wide range of applications. In order to advance the applications of silk biomaterials 
(either electrospun or gelled) from the research perspective to commercial stages, 
an extensive collaborative research involving multiple disciplines is required. It is 
hoped that a continuous financial investment from research funding bodies and a 
hard work from biomaterial scientists will open up a new range of opportunities for 
silk nano-materials in biomedical and biotechnical and dental applications. 
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